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Abstract 
Proteinase inhibitors and thionins are among the proteins thought to have a role in 
plant defence. Genetic engineering offers an attractive means to increase plant 
productivity by using these natural defensive agents to improve their resistance to pests 
and pathogens. With this aim in view, cDNA clones encoding the precursors of a 
multi-domain proteinase inhibitor from Nicotiana alata (Na-PI) (Mr ~43 000) and a ~-
hordothionin (~-HTH) (Mr~ 13 000) from barley, were reconstructed for expression in 
leaves and transferred by Agrobacterium-mediated transformation into tobacco. The 
Na-PI or P-HTH precursors were processed in transgenic tobacco and accumulated as 
polypeptides of size Mr ~6000 or Mr ~8500, respectively. The Na-PI cDNA was also 
transferred to pea and subterranean clover, and in both cases Mr ~6000 polypeptides 
accumulated in the leaves, indicating that the precursor was also processed in legumes. 
The na-pi and P-hth genes segregated as dominant traits and were stably inherited for 
at least two generations. Transgenic tobacco plants containing the highest amount of 
Na-PI and P-HTH were cross-fertilised to produce individual plants containing both 
genes. 
Helicoverpa armigera or H. punctigera (tobacco and native budworm, respectively) 
larvae that ingested transgenic tobacco or pea leaves containing Na-PI exhibited higher 
mortality and slower development relative to control larvae. The effect of Na-PI was 
dose-dependant and H. punctigera appeared more sensitive to Na-PI than H. armigera. 
In transgenic tobacco containing both Na-PI and P-HTH, the protective effect of each 
defence agent was additive. 
Transgenic tobacco containing either Na-PI or P-HTH were significantly more 
protected against the fungal pathogen, Botrytis cinerea (grey mould), than non-
transgenic controls. The effect of the two genes was additive, although the 
contribution of each gene to the protective effect was not equal. ~-HTH provided a 
maJor increase in resistance, while the addition of Na-PI marginally increased this 
tolerance. 
V 
~-HTH also conferred effective protection against Pseudomonas solanacearu,n 
(bacterial wilt) infection in transgenic tobacco. Tobacco which contained both Na-PI 
and ~-HTH were also more resistant to P. solanacearum, although in this case the 
effect of the two genes was not additive. 
The genetic engineering of plants with proteinase inhibitors or thionins, the ref ore, has 
tremendous potential for improving crop productivity by increasing resistance to 
insects and diseases. 
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Chapter 1: Introduction 
()fte 
Genetic Manipulation of Plants for Improved Resistance to 
Pests and Pathogens 
1.1 Introduction 
The economic and social impact of damage to plants by pests and disease is substantial. 
At least 37% of all crops worldwide are lost to insects and pathogens, and despite an 
annual insecticide expenditure of about US $7 billion, 13 % are destroyed by insect 
feeding (Gatehouse and Hilder, 1994). Currently the main methods of controlling insects 
and fungi involve the integrated use of chemical sprays (Lamb et al., 1992), resistant 
plant varieties and the management of agricultural practice to include crop rotation and 
field sanitation. Because chemicals are expensive and can have a negative impact on the 
environment and encourage the development of resistance in some insects, there is a 
need to look for alternative methods for the control of pests and pathogens. Such 
management strategies include new technologies like genetic engineering. 
1.2 Genetic manipulation of plant defence 
Genetic engineering provides a tool for the introduction of stably inherited genes to 
improve pest and disease resistance in plants. An advantage of genetic engineering is 
that genes from other plants, microbes or animals can be inserted into the target plant. 
Furthermore, resistance is heritable and, therefore, permanent. The main requirement for 
producing transgenic plants is a reliable regeneration and transformation system. Over 
100 plant species are now amenable to transformation and many of these are important 
food and pasture crops (Panda and Khush, 1995; Siemens and Schieder, 1996). One 
limiting factor in the application of genetic engineering for plant improvement is the 
availability of genes that confer suitable pest or disease control characteristics. 
Strategies for enhancing crop resistance via genetic engineering have been the subject of 
many recent reviews (Lamb et al., 1992; Cornelissen and Melchers, 1993; Tabe et al., 
1-1 
Chapter 1: Introduction 
1993; Gatehouse and Hilder, 1994; Ward et al. , 1994). This chapter will discuss 
insecticidal and antimicrobial molecules and their use in transgenic plants to improve 
crop productivity. Two specific groups of defence-related proteins: serine proteinase 
inhibitors and thionins will be the focus of this review. 
1.2.1 Using defence-related proteins to improve plant resistance 
Plants have evolved many mechanisms to prevent or minimise damage by pests and 
pathogens. The first barrier is normally passive, for example, the leaves of plants often 
have hairs or thorns which act as feeding deterrents. Additionally, the waxy cuticle and 
suberised periderm strengthen and protect the cell walls from damage. 
The second line of defence consists of preformed secondary metabolites such as complex 
polymers like lignin, cellulose, phenolics and callose, as well as glycine-rich proteins and 
hydroxyproline-rich glycoproteins (cell wall proteins) (Cooper et al. , 1987). 
Thirdly, in response to pest or pathogen invasion, plants recognise substances of 
microbial origin, so-caHed elicitors which induce the production of an array of molecules 
with protective effects. The elicitors initiate the hypersensitive response (HR); which is 
an active defence mechanism associated with resistance to numerous pathogens (Kiraly, 
1980). Its main feature is the rapid necrosis of plant cells surrounding the infection site 
of an invading pathogen. HR also results ill the accumulation of toxic chemicals 
(phytoalexins) and an array of antagonist proteins. These so-caHed defence-related 
molecules are generalJy classified according to their mode of action (Bowles, 1990) . 
These defence molecules are assumed to function m the inhibition of pathogen 
multiplication and spread. For example, some defence molecules act directly as 
antimicrobiaJl toxins ( defensins, lectins, osmotins, zeamatins and thionins) , while others 
are enzymes. These include a -amylase inhibitors, proteinase inhibitors, pathogenesis-
related proteins (eg: ~i-1,3-glucanases, chitinases), ribonucleases, ribosome-inactivating 
proteins and lipid-transfer proteins. Genes encoding many of these antimicrobial agents 
have been transferred into plants and their efficacy has been assessed ill bioassays (Table 
1-2) . 
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Plant-derived genes as insecticidal or antimicrobial agents in 
transgenic plants 
In choosing suitable antimicrobial or insecticidal genes as candidates for genetic 
engineering, plants themselves are a rich source of defence-related molecules. Proteinase 
inhibitors and thionins are the most important insecticidal and antimicrobial proteins for 
this thesis, so are discussed fully in sections 1.3 and 1.4, respectively. There are other 
plant-derived genes which are potentially useful in providing plants with additional 
protection from pests and pathogens, and a few examples are discussed in this section. 
Toxic proteins are considered first, followed by examples of enzymes thought to be 
involved in the production of secondary metabolites with a putative defence role in 
plants. 
Lectins 
Lectins have been reported in most flowering plant families as well as a range of algae, 
fungi and micro organisms. They are abundant in seeds, roots, shoots, bark, tubers, . 
membranes and phloem exudate (see reviews Etzler, 1985; Pusztai, 1991). Lectins are 
carbohydrate-binding proteins that agglutinate cells of non-immune origin and/or 
complex with carbohydrates (polysaccharides, glycoproteins, glycolipids) (Goldstein and 
Hayes, 1978). 
The glycopolymer chitin is an important structural component of the cell walls of certain 
fungi and the exoskeleton and neurotrophic membrane of nematodes and insects. 
Although lectins were first described as storage proteins, certain chitin-binding lectins 
have anti-fungal activity, leading to the speculation that they may have a role in defence 
against pests and pathogens (Etzler, 1985). The best studied are lectins from legumes, 
cereals and solanaceous plants. For example, wheat germ agglutinin inhibits spore 
germination and hyphal growth of the fungus Trichoderma viride (Mirelman et al., 1975; 
cited in Ward et al., 1994). In addition, pea seed lectin sprayed onto pea leaves one day 
before inoculation, prevented the formation of necrotic lesions caused by 
Mycosphaerella pinodes (Lepoivre and Boy, 1983). However these in vitro studies 
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must be evaluated with caution because in some cases the antifungal activity may be 
attributable to chitinases present in the lectin preparation (Raikhel et al., 1993). 
As well as being anti-fungal, there is some evidence that lectins protect plants against 
insect damage. Lectins from wheat, castor beans and camel's foot tree were lethal to 
European corn borer when supplied at 2 % of the soluble protein in an artificial diet 
(Czapla and Lang, 1990). In another bioassay with an artificial diet, Shuckle and 
Murdock (1983) demonstrated that soybean lectin slowed the development of Manduca 
sexta larvae. Bean (Phaseolus vulgaris) seed lectin was thought to be responsible for 
increased mortality of Callosobruchus maculatus, (Gatehouse et al., 1984) although this 
conclusion proved incorrect, when Huesing et al., (1991) showed that it was the a-
amylase inhibitor contaminating the lectin preparation which was toxic to C. niaculatus. 
Some lectins, for example those from winged bean, soybean and wheat germ, are limited 
in their application in crop protection because they can be toxic to mammalian cells 
(Pusztai, 1991). Pea lectin, however, is insecticidal in vitro (Boulter et al., 1990) but is 
innocuous to mammals because it is broken down in the gut. Transgenic plants 
accumulating pea lectin to high levels have enhanced resistance to tobacco budworm 
(Boulter et al., 1990). These tobacco plants were cross-bred with tobacco containing 
the cowpea trypsin inhibitor, (CpTI) and progeny expressing both genes retarded growth 
of Helicoverpa virescens. The effect of the two genes was additive (Boulter et al., 
1990) (Table 1-2). 
Other antimicrobial peptides 
In addition to lectins, there is a family of small, anti-microbial peptides (AMPs) 
characterised by a high proportion of basic amino acids and intramolecular cysteine 
bridges. At least five classes of AMPs have been characterised (Table 1-1). One class, 
the plant defensins, are 45-54 amino acids and are structurally related to each other as 
well as resembling insect and mammalian defensins. Plant defensins have eight cysteine 
residues, an aromatic residue at position 11 and two glycines which are conserved 
(Broekaert et al., 1995). In general, their 3-dimensional structure consists of a triple-
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stranded, antiparallel ~-sheet and a single a-helix lying in parallel with the ~-sheet 
(Broekaert et al., 1995). 
Table 1-1 Five classes of plant antimicrobial peptides (AMPs) 
Class of AMP Example Size Disulphides Reference 
Thionins Barley endosperm 5 kDa 4 Hernandez-Lucas et al., 
1986; Ponz et al., 1986 
Knottin-type Mirabilis jalapa 4kDa 3 Cammue et al., 1992 
Hevein-type Amar an thus 3-4 3-4 Broekaert et al., 1992 
caudatus kDa 
Plant def en sins Raphanus sativus 5kDa 4 Terras et al., 1992a and 
b; 1995; Broekaert et 
al., 1995 
Lipid transfer Maize and wheat 10 4 Shin et al., 1995 and 
proteins kDa Gincel et al., 1994 
There is increasing evidence that these peptides may play a role in plant defence; for 
example, radish antifungal peptides (Rs-AFP2) are released during seed germination, and 
appear to protect the emerging cotyledon from fungal infection (Terras et al., 1995). 
Supporting evidence for the role of (Rs-AFP2) in plant protection was obtained when the 
gene for the antifungal peptide from radish seeds was transferred into tobacco. The 
transgenic plants were more resistant to Alternaria longipes (Terras et al., 1995) (Table 
1-2). As well as antimicrobial activity (Terras eta!., 1992b; Moreno etal., 1994), other 
roles have been described. Some plant defensins exhibit a-amylase inhibitory activity 
(Bloch and Richardson, 1991) and others inhibit protein synthesis in vitro (Mendez et 
al., 1990). Furthermore, these antimicrobial peptides accumulate to high levels in seeds 
and are rich in sulphur-containing amino acids, which suggests that they may also have a 
secondary role as storage proteins. 
Not all antimicrobial peptides belong to the five classes mentioned in Table 1-1 and aside 
from seed-specific deposition, antifungal peptides are produced in leaves after wounding 
(Hedrick et al., 1988), exposure to pathogens (Ryan, 1984; Lamb et al., 1992 and 
references within) or elicitors (Lawton and Lamb, 1987). Floral organs also are a rich 
source of proteins with potential antimicrobial properties (Lotan et al., 1989; Atkinson et 
al., 1993b; Constabel and Brisson, 1995). Some components of the pistil may be 
1-5 
Chapter 1: Introduction 
involved in protecting the reproductive tissues from potential pathogens or insects. For 
example, petunia stigmas contain an active chitinase (Leung, 1992) and in members of 
the Solanaceae, defence-related molecules in stigmas and styles include 'extensin-like' 
proteins, a serine proteinase inhibitor, P-1,3-glucanases and chitinases (Atkinson et al., 
1993b and cited references). Stress-induced proteins are also likely to have anti-
microbial properties (Carr and Klessig, 1989) and are often called 'pathogenesis-related' 
(PR) proteins. Other antimicrobial peptides with potential for increasing bacterial 
disease resistance include cecropins which are a family of polypeptides from insect 
hemolymphs (Boman and Hultmark, 1987; Jaynes et al., 1987). A cecropin isolated 
from the giant silk moth exhibited potent activity against plant pathogenic bacteria 
(Nordeen et al., 1992). Other molecules such as lipid-transfer proteins (Terras et al., 
1992a), osmotins and polygalacturonase inhibitors (Lamb et al., 1992) also have 
antifungal activity. 
a-Amylase Inhibitors 
While the physiological role for a-amylase inhibitors (a-Als) in plants is not known, 
there is accumulating evidence which suggests they may be involved in protection from 
insect pests. When a-Als from wheat and barley were tested against a range of moths, 
aphids, petatomids, thrips, beetles and stored cereal/grain pests, Gutierrez et al., ( 1990) 
concluded that these a-Als were differentially active against the insects. Effective a-
amylase inhibitory activity from wheat was correlated with the presence of a Mr 13 000 
polypeptide (Gatehouse et al., 1986). Only wheat fractions containing this molecule 
inhibited the digestive a-amylases from larvae of Tribolium confusum and 
Callosobruchus maculatus, both pests of stored grain (Gatehouse et al., 1986). A recent 
report describes transgenic peas expressing bean a-AI that were resistant to the pea 
weevil (Coleoptera) (Schroeder et al., 1995) and extends the previous observation that 
bean a-AI was active in artificial diets fed to C. maculatus (Huesing et al., 1991). The 
transgenic peas were also resistant to the adzuki bean weevil and cowpea weevil (Shade 
et al., 1994), which are major pests of stored seed (Table 1-2). 
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Chitinases and ~-1,3-glucanases 
These enzymes catalyse the hydrolysis of chitin and ~-1,3-glucan, respectively, which are 
the major components of the cell walls of many fungi and oomycetes. One strategy to 
increase a plant's resistance to pathogens is to engineer the constitutive expression of 
defence genes that are normally induced only after pathogen attack. In the first 
successful application of this approach, both transgenic tobacco and Brassica napus 
expressing a chitinase gene from beans, had increased resistance to seedling rot (Broglie 
et al., 1991 ). Furthermore, the simultaneous expression of a chitinase and a ~-1,3-
glucanase in transgenic tomatoes gave a high level of resistance against Fusarium 
oxysporum (van den Elzen, 1993; Jongedijk et al., 1995) which suggests that these 
hydrolases act synergystically (Table 1-2). 
Ribosome-inactivating-proteins 
Ribosome-inactivating-proteins (RIPs) inhibit protein synthesis by specific N-glycosidase 
modification of 28S rRNA (for review, see Stirpe et al., 1992). This modification is 
irreversible and renders the ribosome unable to bind elongation factor 2, thereby blocking 
translation. RIPs do not affect host-plant ribosomes but show various degrees of 
specificity towards other plant and fungal ribosomes (Stirpe and Hughes, 1989). The use 
of RIPs in crop protection will depend upon the extent of their toxicity in the target plant 
cells. One indication of success is that high level expression of a barley RIP in pollen and 
floral organs of transgenic tobacco had no effect on fertility and the plants were partially 
resistant to Rhizoctonia solani (Logemann et al., 1992) (Table 1-2). RIP purified from 
barley acted synergistically in vitro with chitinase to inhibit the growth of Trichoderma 
and Fusarium species (Leah et al., 1991), however this has not been confirmed in vivo. 
1.2.1.2 Bacterial toxins as insecticidal agents in transgenic plants 
Another source of insecticidal genes is a family of genes from Bacillus thuringiensis 
(B.t.) which encodes a potent toxin (Hofte and Whiteley, 1989). The toxin is produced 
as a precursor by sporulating bacteria. The precursor is ingested by insects and 
proteolytically cleaved to liberate the active toxin. Different classes of B. t. crystal 
proteins have been identified based on their sequence similarity' and specificity with 
respect to the insects to which they are toxic. For example, 'CryI' toxins are active 
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against the Lepidoptera order (moths and butterflies), CryII proteins are toxic to 
Lepidoptera and Diptera (flies), CryIII proteins are toxic to Coleoptera larvae (beetles) 
and all CryIV proteins are active against mosquito and blackfly larvae. A high level of 
resistance to caterpillar pests (especially Helicoverpa species) has already been achieved 
in tomato, tobacco, maize and cotton containing B.t. Cryl proteins (Fischhoff et al., 
1987; Vaeck et al., 1987; Perlack et al., 1990; Kumar and Sharma, 1994) (Table 1-2). 
Total reliance on B. t. genes for pest control risks the rapid development of insects 
resistant to the toxin (Gould et al., 1992) in the same way that resistance to insecticides 
has evolved amongst Helicoverpa species (Daly, 1993). Because this is a major concern, 
suitable alternative genes for insect resistance are urgently required for the development 
of pest resistant crops. This thesis is an investigation of other insecticidal molecules 
which could have the potential to increase insect mortality and restrict growth. 
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Table 1.2 Evaluation of transgenes with a potential role in plant defence 
TRANSGENE TARGET ORGANISM PROTECTIVE EFFECT ON 
TRANSGENIC PLANT 
LECTINS: Peach-potato aphid Tobacco: significant increase in 
Snowdrop lectin ( Galanthus (Myzus persicae) resistance 
nivalis) 
Snowdrop lectin ( Gala nth us Peach-potato aphid & Lacanobia Potato: resistance to larvae of both 
nivalis) oleracea insect pests 
THIONINS: 
Barley a-hordothionin Pseudomonas syringae Tobacco: decreased lesion size 
Wheat a 1-purothionin Pseudomonas syringae Tobacco: no effect 
Barley a-hordothionin Clavibacter michiganensis Isolated thionin from transgenic 
tobacco inhibited growth 
Barley a-hordothionin C. michiganensis, Tobacco: no increased resistance 
P. solanacearum & Xanthomonas to these bacteria 
campestris pv. vesicatoria 
)~arley ~-hordothionin Grey mould (Botrytis cinerea) Tobacco: reduction in lesion area 
,:,:i: ·: 
· Barley ~-hordothionin Bacterial blight (P. solanacearum) . Tobacco: significant reduction in 
plant mortality - minor symptoms 
ANTIMICROBIAL PEPTIDES: 
Radish seed antifungal peptide Alternaria longipes Tobacco: lesion areas 7-8 fold 
Rs-AFP2 - plant defensin (foliar fungal pathogen) smaller than in control plants 
Tab toxin (from P. syringae pv. P. syringae pv. tobacci Tobacco: complete resistance - no 
ta.bac symptoms 
Killer toxin (KP4) from Ustilago Isolates of Ustilago sensitive to Tobacco: leaf disks placed on lawn 
maydis (smut fungus) KP4 of fungus prevent growth 
Tachylplesin I from Asian horse- Potato soft rot (Erwinia Potato: Tubers are slightly more 
shoe crab carotovora) resistant. 
REFERENCE 
Hilder et al., 1995 
Gatehouse et al., 1995 
Carmona et al., 1993b 
Carmona et al., 1993b 
Florack et al., 1994 
cited in Florack and 
Stiekma, 1994 
This thesis 
This thesis 
Terras et al., 1995 
Anzai et al., 1989 
Park et al., 1996 
A11efs et al., 1996 
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~ 
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~ .. 
~ 
~ 
~ 
~ :::: 
c::> 
;::s 
a-AMYLASE INHIBITORS: Peas: weevil development in T 5 
Bean seed a-amylase inhibitor Pea weevil ( Bruchus pisorum) seed was completely inhibited Schroeder et al., 1995 
Cowpea weevil ( Callosobrucus Peas: complete resistance to these Shade et al., 1994 
maculatus) & Azuki bean weevil bruchid beetles 
( C. chinensis) 
ENZYMES: Tobacco and Canola: delay in 
Bean chitinase ( class I) Damping off (Rhizoctonia solani) disease symptoms, better survival Broglie et al., 1991 
Tobacco chitinase ( class I) Cercospora nicotiana Nicotiana sy__lvestris: no enhanced Neuhaus et al., 1991 
resistance, even at high levels 
Barley ribosome inactivating Damping off (Rhizoctonia solani) Tobacco: some protection, based Logemann et al., 1992 Q 
protein on plant height 1\ ~ 
Tobacco pathogenesis-related Black shank disease (Phytophthora Tobacco: significant delay in Alexanderetal., 1993 ~ .., 
protein la (PR-la) parasitica) & Blue mould disease onset ~ .. 
~ 
(Peronospora tabacina) I ~ ~ 
0 Tobacco PR-1 Tobacco mosaic virus Tobacco: no additional resistance Cutt et al., 1989; ~ 
Linthorst et al., 1989 ~ 
Glucose oxidase (Aspergillus Bacterial soft rot ( Erwinia Potato: high level of resistance Wu et al., 1995 
~ ~. 
~ 
niger) carotovara ssp. carotovora) ;::s 
Potato late blight (Phytophthora Potato: enhanced resistance, lesion Wu et al., 1995 
infestans) development delayed 
Pear polygalacturonase inhibitor Grey mould (Botrytis cinerea) Tomato: fruit were less infected; Powell et al., 1994 
protein i.e., enhanced resistance 
Stilbene synthase (groundnut) Grey mould (B. cinerea) Tobacco: 80% reduction in disease Hain et al., 1990 and 
symptoms cited in Cornelissen and 
Melchers (1993). 
Stilbene synthase (grapevine) Grey mould (B. cinerea) Tobacco: enhanced resistance Hain et al., 1993 
Bean phenylalanine ammonia- Frogeye disease ( Cercospora Tobacco: increased susceptibility - Maher et al., 1994 
lyase 2 nicotianae) rapid lesion development 
Bacteriophage T 4 lysozyme Soft rot (Erwinia carotovora) Potato: significant reduction in During et al., 1993 
fungal growth 
~ 
I 
~ 
~ 
B.t. TOXINS 
B.t truncated 
B.t toxin: CryIAb 
B.t toxin: CryIIA 
TWO OR MORE TRANSGENES 
Pea lectin and cowpea trypsin PI 
Tobacco class I chitinase and/or 
class I P-1,3-glucanase 
Barley chitinase, P-1,3-
glucanase and RIP 
rBarley P-hordothionin and 
Nicotiana alata proteinase 
inhibitor (Na-Pl) 
P-hordothionin and Na-Pl 
,. 
Tobacco hornworm (Manduca 
sexta) 
Tobacco budworm (Helicoverpa 
armigera) & native budworm (H. 
punctigera) 
Tobacco budworm (H. armigera) 
Striped stemborer (Chilo 
suppressalis)& Leaf folder 
( Cnaphalocrosis medinallis) 
Tuber moth (Phtorimaea 
operculella) 
Colorado potato beetle 
( Leptinotarsa decemlineata) 
Tobacco budworm 
(Helicoverpa virescens) 
Fusarium oxysporum f.sp. 
lycopersici race 1 
Rhizoctonia solani 
Tobacco budworm 
(H. armigera) 
Grey mould (Botrytis cinerea} 
Bacterial blight (Ps~udomonas 
solanacearum) 
· Tobacco: highly protected - up to 
100% insect mortality 
Cotton: high level of protection -
low insect survival 
Tomato: significant resistance 
J aponica rice: plants more resistant 
- increased insect mortality and 
reduced biomass 
Potatoes: leaves and tubers highly 
resistant 
Potatoes: significant resistance to 
feeding damage 
Tobacco: 2 genes are additive: less 
leaf damage, reduced biomass 
Tomato: both genes act 
synergistically to enhance fungal 
resistance 
Tobacco: enhanced tolerance 
Tobacco: Effect of two genes is 
additive, significantly smaller 
larvae and delayed development 
Tobacco: major protective effects 
of P-HTH, minor effect of Na-PI 
but additively reduced lesion area 
Tobacco: improved resistance -
'H 
only P-HTH is responsible 
V aeck et al., 1987 
Perlack et al., 1990 
Reynaerts and J ansens 
(1994) 
Fujimoto et al., 1993 
Peferoen et al., 1990 
McPherson et al., 1989 
Boulter et al., 1990 
Jongedijk et al., 1995 
Jach et al., 1995 
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Chapter 1: Introduction 
1.3 Serine proteinase inhibitors 
Proteins that form complexes with proteases to inhibit their proteolytic activity are found 
in both animal and plant kingdoms. I will restrict my discussion to plant proteinase 
inhibitors (Pls) and will cover their characterisation, function and exploitation as defence 
molecules to minimise crop damage by insect pests. 
Proteases can be divided into four mechanistic classes i.e.; serine-, cysteine-, aspartic-
and metallo-proteases. Inhibitor families have been found that are specific for each class 
(Laskowski and Kato, 1980). Most plant proteinase inhibitors (Pls) inhibit serine 
proteases (for details of these and others, see Leiner and Kakade, 1980; Ryan and An, 
1988; Ryan, 1990; Brzin and Kidric, 1995). 
1.3.1 Distribution and types of serine Pis 
Serine Pls are present in the seeds, leaves and tubers of several members of the Fabaceae 
(legumes), Poaceae (cereals) and Solanaceae families (Richardson, 1977). They have 
been categorised into 19 families on the basis of molecular weight, amino acid sequence 
and enzyme specificity (see reviews; Richardson, 1977; Ryan, 1984; Ryan 1990; 
Richardson, 1991; Bode and Huber, 1992; Heath, 1994). The Pls belonging to the 
potato inhibitor families I and II are the most important for this chapter, not only because 
they are the most well characterised, but they have sequence similarity to the proteinase 
inhibitor from Nicotiana alata (for details of others, see Garcfa-Olmedo et al., 1987; 
Ryan, 1990; Brzin and Kidric, 1995). 
Potato tubers contain proteinase inhibitors I and II (pin 1 and pin2) which accumulate to 
levels of 5% of the soluble protein in potato tubers (Richardson, 1977), the level varying 
with developmental stage (Ryan, 1973; Mitsumori et al., 1994). Similarly, in a wild 
species of tomato (Lycopersicon peruvianum (L.) Mill., LA107), the fruit contains over 
50% of its total soluble protein as Pls which rapidly decline during maturation (Pearce et 
al., 1988). Pls with sequence similarity to potato pinl and pin2 from tubers, accumulate 
in wounded potato and tomato leaves (Green and Ryan, 1972; Plunkett et al., 1982; 
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Graham et al., 1985a; 1985b; Graham et al., 1986). Comparisons between potato pinl 
and pin2 are made in Table 1-3. 
Table 1-3. Comparison between potato proteinase inhibitors: pinl and pin2. 
Potato Inhibitor I (pinl) Potato Inhibitor II (pin2) 
Protomers 5 protomers; each 8.1 kDa 2 protomers; each 11.5 kDa 
Total size 41 kDa 23 kDa 
Total number of disulphides 5 10 
Inhibitory reactive site Chymotrypsin 1 chymotrypsin, 1 trypsin* 
Reference Ryan, 1984 Bryant, et al., 1976; Ryan, 
1984; Garcia-Olmedo et al., 
1987 
*variants with two chymotrypsin or two trypsin sites have also been described (Sanchez-Serrano et al., 
1986; Hass et al., 1982). 
Other Pis with sequence similarity to the proteinase inhibitor II family of potato and 
tomato include an auxin-inducible PI in tomato roots (Taylor et al., 1993). The open 
reading frame contains a putative signal peptide and three trypsin-specific domains 
(Taylor et al., 1993). The developing shoot apex of tomatoes also contains a 
polypeptide with significant similarity to the class II Pis from potato and tomato 
(Brandstadter et al., 1996). Also related to the type II Pis is a stress-induced tobacco 
leaf proteinase inhibitor (PI-II) with three homologous domains, each with a different 
(but not yet identified) reactive site (Balandin et al., 1995). Tobacco leaves also contain 
a trypsin inhibitor (TTI) (Pearce et al., 1993) which are approximately 66% identical to 
tobacco PI-II (Balandin et al., 1995). Pin2 also has partial sequence identity (~55%) to 
a proteinase inhibitor precursor from Nicotiana alata which has six repeated domains 
and inhibits trypsin and chymotrypsin (Atkinson, 1992; Atkinson et al., 1993a; see 
section 1.3.5). 
1.3.2 Synthesis and regulation of Pis 
The changes in PI levels during maturation of potato tubers (Ryan, 1973; Mitsumori et 
al., 1994) and tomato fruit (Pearce et al., 198 8) indicate that PI synthesis is regulated by 
developmental control mechanisms. However, Pis are also induced in leaves by 
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environmental stresses such as wounding or mechanical damage (Green and Ryan, 1972; 
Plunkett et al., 1982; Graham et al., 1985a; 1985b; Graham et al. , 1986). The promoter 
region of the potato pin2 gene has been studied in detail in transgenic tobacco by fusion 
of promoter deletions to reporter genes (Thornburg et al. , 1987; Keil et al. , 1989; 1990). 
To summarise, the nucleotides -1300 to -195 of the promoter region of the pin2 gene 
were sufficient for wound-inducible expression and gene activity was enhanced by 
including 260 bp of the 3' untranslated region (Keil et al., 1990). In addition, 10 
nucleotides in the promoter region were found to react with a wound-inducible nuclear 
protein. The position of these nucleotides was adjacent to an 8 bp sequence which has 
been found in other elicitor- or light-responsive elements (Palm et al., 1990). 
Furthermore, the entire chimeric gene was developmentally regulated in a normal manner 
(Keil et al., 1989), implying that the promoter of potato pin2 controls both wound-
inducible and tuber-specific expression and that this regulation may involve cis- and 
trans- acting factors (Sanchez-Serrano et al., 1987). 
The induction pathway of potato Pis in response to environmental stress is complex and 
involves a systemic signal that mediates induction of PI genes throughout green, aerial 
tissues. Because pest and pathogen attack induce such a diverse array of defence 
responses (also see section 1.2.1) there have been a number of possible long-distance 
signalling molecules identified and characterised. Elicitors that regulate the expression of 
wound-inducible PI genes were shown to be oligosaccharides, probably originating from 
the cell wall (Ryan et al., 1985). Later studies showed that substitutes like chitosan or 
polygalacturonic acid can also be used to increase the expression of pin2 in detached 
potato leaves (Sanchez-Serrano et al., 1986) or in transgenic tobacco (Sanchez-Serrano 
et al., 1987). Additionally, three of the octadecanoid precursors of jasmonic acid were 
powerful inducers of PI synthesis, suggesting they could be candidates for signalling 
molecules (Farmer and Ryan, 1992). Other suggested signalling molecules include 
abscisic acid (Pefia-Cortes et al., 1989), jasmonates (Farmer et al., 1992), salicylic acid 
(SA) (Dempsey and Klessig, 1994 ), an electrical signal (Wildon et al. , 1989; 1992; 
Rhodes et al., 1996) and systemin (Pearce et al., 1991; Schaller and Ryan, 1995). The 
current view is that while SA is involved in development of systemically acquired 
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resistance (SAR) (K.lessig and Malamy, 1994 ), there must be other translocatory signals, 
as SA cannot be transported to other parts of the plant (Metraux et al., 1990). There is 
good evidence that systemin is the signal molecule which activates Pis in tomatoes and 
potatoes, not only in leaves which have been damaged by wounding, but in distal, 
unwounded leaves (Schaller and Ryan, 1995). Systemin is an 18 amino acid polypeptide 
(Pearce et al., 1991) which is proteolytically processed from a 200 amino acid precursor, 
prosystemin (McGurl et al., 1992). The evidence that systemin is part of the signalling 
system for the induction of pinl and pin2 is that it is a powerful inducer of PI synthesis, it 
is capable of translocation in the phloem (Narvaez-Vasquez, et al., 1995) and 
constitutive expression of antisense prosystemin in transgenic plants resulted in severe 
suppression of wound-inducible PI expression (McGurl et al., 1992). After wounding 
and translocation of systemin throughout the tomato or potato plants, systemin is 
thought to bind to a specific receptor. One such systemin-binding protein has been 
identified in tomato plasma membranes (Schaller and Ryan, 1994). Binding of systemin 
results in the activation of the octadecanoid pathway. This lipid-based signalling 
pathway eventually leads to the induction of PI genes via the production of jasmonic acid 
(Farmer and Ryan, 1992). A detailed overview of signal molecules, and in particular, the 
role of systemin in signalling the rapid systemic accumulation of Pis, is provided by 
Enyedi et al., (1992) and Schaller and Ryan (1995). 
1.3.3 Biological function of serine proteinase inhibitors 
1.3.3.1 Defence-related roles 
Although the elucidation of the role of Pis is incomplete, the current view is that they are 
primarily involved in the protection of plants from pests and possibly pathogens. The 
observation that they specifically inactivate proteinases such as trypsin, chymotrypsin, 
elastase and subtilisin of animal and microbial origin (Ryan, 1966; Richardson, 1977; 
Hilder et al., 1987; Christeller and Shaw, 1989; Lorita et al., 1994), while rarely 
inhibiting endogenous plant enzymes (Ryan and Walker-Simmons, 1981 ), is 
circumstantial evidence for this conjecture. Furthermore, Pis accumulate to high levels 
in tomato, potato and tobacco leaves after wounding (Green and Ryan, 1972; Graham et 
al., 1986; Pearce et al., 1993). The finding that Pis are induced by pathogen attack 
1-15 
Chapter 1: Introduction 
(Peng and Black, 1976; Gatehouse et al., 1979; Roby et al., 1987; Geoffroy et al., 1990; 
Pautot et al., 1991) also lends support to the hypothesis that Pls are involved in plant 
protection. 
1.3.3.2 Other biological activities 
In addition to the evidence that Pls are involved in plant defence, other functions are 
known. Proteinase inhibitors found in seeds and tubers may function as storage proteins 
(also see sections 1.2.1.1 and 1.4.3.3). The cysteine residues in Pis may provide a 
source of sulphur for germinating seeds. Other cysteine-rich proteins like the thionins 
(Bohlmann, 1994) and 2S albumins are thought to function in this way (Terras et al., 
1993a). An amino acid storage role for Pls is deduced from the fact that their activity 
and level decline during seed germination (Richardson, 1991 ). The sulphur from 
sulphur-containing amino acids may become mobilised as the PI is degraded together 
with the other stored reserves. 
The process of seed maturation and germination requires endopeptidases to mobilise as 
well as cleave storage proteins (Hara-Nishimura et al., 1991; Scott et al., 1992; Abe et 
al., 1993; Pueyo et al., 1993). Proteinase inhibitors could be involved in the regulation 
of proteinase activity, although very few of the serine Pls characterised so far inhibit 
endogenous proteinases (Ryan and Walker-Simmons, 1981). There is, however, 
evidence that a metallo-proteinase inhibitor is responsible for modulating endogenous 
protease activity in buckwheat seeds, especially during germination (Dunaevskii et al., 
1995). 
1.3.4 
1.3.4.1 
Serine proteinase inhibitors as putative defence genes in 
transgenic plants 
Fungicidal activity 
The considerable diversity of plant Pls and their role in defence is reinforced by early 
studies documenting the fungicidal activity of proteinase inhibitors (Senser et al., 1974; 
Mosolov et al., 1976; Mosolov et al., 1979; Mosolov and Shul'gin, 1987). The 
induction of proteinase inhibitors in response to fungal elicitors (Roby et al., 1987; 
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Rickauer et al., 1989) or infection (Peng and Black, 1976; Roby et al., 1987) also 
supports the view that these molecules may play a role in plant protection. 
There are two current hypotheses to explain the inhibitory effects of Pis on fungi. 
Fungal pathogens secrete proteolytic enzymes which possibly play a role , either in fungal 
development and proliferation (Kuc and Williams, 1962; Porter, 1966) or as virulence 
factors (cited in Reddy et al., 1996). It has been postulated that Pis might arrest fungal 
invasion by directly inhibiting this proteolytic activity (Brown and Adikaram, 1983; 
Ryan, 1990). Serine proteinase inhibitors potentially inhibit fungi which secrete serine 
proteases during invasion of their host. Examples of fungi with serine proteolytic activity 
include Trichophyton rubrum (Lambkin et al., 1996), Ophiostoma piceae (Abrahams 
and Breuil, 1996), Streptomyces species (Bono et al., 1996; Demina and Lysenko, 1996) 
and Botrytis cinerea (Brown and Adikaram, 1983). Cell wall proteins isolated from 
infected tomatoes were able to inhibit 70% of the activity of the proteases produced by 
B. cinerea (Brown and Adikaram, 1983 ), providing evidence that chymotrypsin and 
trypsin-inhibitors were induced and active at the site of infection. However, the cell wall 
proteins did not affect proteases from two other pathogenic fungi infecting tomato 
(Brown and Adikaram, 1983), indicating that there is likely to be a species-specific 
interaction between PI and the fungal pathogen. 
A second hypothesis postulates that Pls inhibit spore germination and germ tube 
elongation of phytopathogenic fungi by causing cytoplasmic leakage (Lorita et al. , 
1994 ). In this in vitro study, cabbage leaf Pis exhibited antifungal activity towards two 
plant pathogenic fungi which do not normally infect cabbage: B. cinerea and Fusarium 
solani. While the reasons for the observed antifungal activity remain unknown, the 
authors propose that the chymotrypsin and trypsin Pis from cabbage leaves inhibit the 
synthesis of chitin, which is one of the main cell wall components of fungal hyphae. As a 
result of containing less chitin, hyphae would have weaker cell walls which might result 
in the leakage of cell contents (Lorita et al., 1994 ). A more thorough investigation is 
required to understand the indirect effects of Pls on chitin synthesis. Interestingly, even 
though the Pls were isolated from cabbage, they had no effect on a fungus that attacks 
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this plant (Lorito et al., 1994). Likewise, a chymotrypsin inhibitor from potatoes does 
not inhibit the extracellular protease of Erwinia carotovora ssp. carotovora ( a fungal 
potato pathogen) which provides further evidence of Pis may have specificity only for 
certain fungi (Heilbronn and Lyon, 1990). 
So far, there are no reports that transgenic plants containing Pis are less susceptible to 
fungal pathogens. Because the in vitro evidence for antifungal activity of Pis is 
substantial, I examined whether transgenic tobacco plants containing a PI gene were 
protected against fungal infection. 
1.3.4.2 Insecticidal activity 
Because plant proteinase inhibitors rarely inhibit endogenous plant proteases, there have 
been a number of stages in demonstrating whether Pis inhibit insect proteases. The first 
entailed the identification and characterisation of midgut proteases in different insect 
families. Lepidopteran species primarily use serine endopeptidases for digestion, for 
example: trypsin, chymotrypsin, elastase and carboxypeptidase A and B (Johnston et al., 
1991; Christeller et al., 1992; Xu and Qin, 1994 ), whereas major proteolytic activity in 
the mid gut of Coleopteran species is from cysteine and aspartate proteases (Wolf son and 
Murdock, 1987; Michaud et al., 1995; Edmonds et al., 1996), with some exceptions 
(Christeller and Shaw, 1989; Bian et al., 1996). 
The potential for plant Pis to inhibit insect gut proteases has commonly been assessed by 
in vitro inhibition assays. The inhibitory effect of serine Pis on midgut protease activity 
varies between species, according to the classes of proteases they contain (Christeller et 
al., 1992; Broadway and Villani, 1995). Of particular interest to this thesis is that potato 
inhibitors I and II (which have chymotrypsin and/or trypsin inhibitory characteristics) 
inhibited casein hydrolysis in crude gut extracts from Helicoverpa armigera by 90% and 
H. punctigera by 80% (Christeller, et al., 1992). However, the inhibition of midgut 
protease activity in vitro does not always translate into an effect on insect physiology in 
vivo. This was the case for cabbage proteinase inhibitors which substantially inhibited 
the midgut protease activity of Trichoplusia ni, Lymantria dispar and Helicoverpa zea 
in vitro, yet when ingested, the Pis only retarded growth and development in T. ni 
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(Broadway, 1995). This report demonstrated, for the first time that some insects can 
change the relative proportion of their digestive enzymes in response to ingested Pis 
(Broadway, 1995). 
The second stage of testing Pis on insects has been to include them in artificial diets. For 
example, when purified Pis from soybean and potatoes were incorporated into an 
artificial diet and fed to H. zea and Spodoptera exigua larvae, they substantially inhibited 
growth (Broadway and Duffy, 1986a). In other studies, soybean Pis in artificial diets 
reduced the mean growth rate of Manduca sexta (Shuckle and Murdock, 1983), 
Ostrinna nubilalis (Larocque and Houseman, 1990), H. armigera (Johnston et al., 1993) 
and Spodoptera litura (McManus and Burgess, 1995). The inclusion of Pis with known 
activity in artificial diets has also been used to provide information about the active array 
of midgut proteases. For example, only Pis with trypsin-and/or elastase-inhibitory 
activity were effective in reducing growth of black field crickets (Teleogryllus 
commodus), which indicated the predominant protease activity was likely to be from 
trypsin and elastases (Burgess et al., 1991). Similarly, because antimetabolic effects 
were observed when Callosobruchus maculatus were fed diets containing cowpea 
trypsin inhibitor (Gatehouse and Boulter, 1983) and the cysteine proteinase inhibitor, E-
64 (Murdock et al., 1988), it was concluded that the midgut contains both serine and 
cysteine proteases. 
In addition to producing new proteases in response to ingesting Pis, insects can also over 
produce proteases, leading to a deficiency of essential amino acids (particularly those 
rich in sulphur), which in turn, retards insect growth (Broadway and Duffey, 1986b; 
Ryan, 1990). The replacement of essential amino acids in the diet can nullify the effect 
of the PI. For example, in the case mentioned above, the observed growth inhibition 
when C. maculatus was fed cowpea trypsin inhibitor became insignificant when the 
artificial diet was supplemented with methionine and cysteine (Gatehouse and Boulter, 
1983). Indeed, the effect of Pis included in artificial diets needs to be considered 
carefully as there is often an interaction between the amount of dietary protein and the 
PI. For example by doubling the protein content in the artificial diet, the inhibitory effect 
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of the trypsin and elastase inhibitors on T. commodus was reduced (Burgess et al. , 
1991 ), perhaps by supplying a source of essential amino acids. In other reports , the 
inclusion of cysteine proteinase inhibitors in artificial diets was detrimental to 
Callosobruchus chinenis, Riptortus clavatus (Kudora et al., 1996), Hypera postica 
(Elden, 1995) and Diabrotica udecimpunctata howardi (Edmonds et al., 1996). The use 
of artificial diets to study the interaction of Pis has proved to be an effective tool in the 
evaluation of proteinase inhibitors as insect pest resistance factors in transgenic plants 
because it is possible to match particular Pis with target pests. 
1.3.4.3 Using PI genes in transgenic plants to increase productivity 
The third stage of assessing the insecticidal activity of serine Pis is to transfer the gene 
encoding the PI into transgenic plants and expose the plants to insect attack. The 
transfer of a trypsin inhibitor gene from cowpea (CpTI) into tobacco yielded plants that 
were more resistant to tobacco hornworm than the non-transgenic tobacco plants (Hilder 
et al., 1987). CpTI was selected as a candidate for gene transfer because it was shown 
to be effective in artificial diets against a range of insect storage pests, including members 
of the Lepidoptera, Coleoptera and Orthoptera. An advantage of CpTI is that even at 
levels of up to 10% of the dietary protein, it was not toxic to mammalian cells (Pusztai et 
al., 1992). When proteinase inhibitor II (pin2) from tomato, a powerful inhibitor of both 
trypsin and chymotrypsin, was transformed into tobacco, leaves from this plant retarded 
the growth of Manduca sexta (tobacco hornworm) (Johnson et al., 1989). It appears 
that the ingestion of transgenic tobacco containing Pis can affect the growth of insect 
pests differentially. For example, Chrysodeixis eriosoma grew more slowly when fed 
leaves from tobacco plants transformed with pin2, yet Spodoptera litura or 
Thysanoplusia orichalcea larvae were unaffected (McManus et al., 1994 ). While 
McManus et al., (1994) demonstrated that a single PI shows differential toxicity to 
insects, it has also been observed that insects are only susceptible to certain Pis. For 
example, transgenic tobacco containing the Kunitz soybean trypsin inhibitor were 
completely resistant from attack by S. litura (Marchetti et al., 1994) while pin2 was 
innocuous to these same insects (McManus et al., 1994). 
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However, there are limitations to the efficacy of Pis in transgenic tobacco plants. 
Jongsma et al., (1995) for example, recently reported that Spodoptera exigua larvae fed 
transgenic tobacco containing potato pin2 compensated for loss of trypsin activity by 
inducing new protease activity that was insensitive to inhibition by pin2. Broadway 
(1995; 1996) also reported that insects (e.g. H. zea, Pieris rapae, M. sexta) were able to 
alter the complement of midgut proteases in response to proteinase inhibitors and 
detailed the importance of matching multiple inhibitors to the complement of midgut 
enzymes in target pests in order to maximise the protective effects of Pis. Another 
possible way by which insects can become resistant is that an insect can modify the same 
protease so that the interaction between proteinase inhibitors and the target proteinase is 
no longer possible. Moreover, the use of tobacco as a host for transgenes must be 
evaluated carefully. After seven days, high levels of endogenous Pis can be induced in 
leaves as a result of wounding and the effects of these endogenous inhibitors may 
confound the effects of the introduced transgene (Jongsma et al., 1994). 
In addition to tobacco, serine PI genes have been transferred to cotton and rice. Pis 
derived from Manduca sexta were transferred into cotton plants and resulted in reduced 
reproduction of Bemisia tabaci (sweet potato whitefly) (Thomas et al., 1995b). Two 
independent studies have demonstrated that rice transformed with either pin2 or CpTI 
were more protected from attack by Sesamia inferens (Duan, et al., 1996; Xu et al., 
1996), which confirms the potential for serine Pis to provide protection to important 
crop species. Finally, there has been one report on the use of cysteine Pis in transgenic 
plants. Oryzacystatin from rice was transferred into poplars and trees were more tolerant 
to Chrysomela tremulae (Leple et al., 1995). 
Table 1-4 provides a summary on the toxicological effects of PI genes on insect pests, 
after their transfer into plants using the examples discussed here. 
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Table 1-4. Insecticidal effects of transgenic plants containing Pis 
SERINE Pl 
Cowpea Trypsin 
inhibitor (CpTI) 
CpTI 
Tomato pinl 
Tomato pin2 and 
Potato pin2 
Kunitz Soybean 
Trypsin 
inhibitor 
Manduca sexta 
Pis 
I INSECT 
Helicoverpa 
vzrescens 
Sesamia inferens 
Chilo suppressalis 
Manduca sexta 
Manduca sexta 
Chrysodeixis 
erzosoma 
Spodoptera litura 
Spodoptera 
exzgua 
Sesamia inferens 
Spodoptera litura 
Bemisia tabaci 
':ICL6tt~9· ·. ·:;:~1ird 
1,Jata (Na~~l» ; . · 
H. ar111ig~rµ flt1d 
· ·· ··· • ' 1.,::a:111r t~ 
CYSTEINEPI 
Rice 
TWO 
DEFENCE 
GENES 
CpTI and pea 
lectin 
Na-Pl and barley 
~-hordothionin 
ii mite 
INSECT 
Chrysomela 
tremulae 
INSECT 
H. virescens 
H. armigera . 
TRANSGENIC PLANT 
AND EFFECT 
Tobacco:enhanced 
resistance 
Rice: significantly 
increased resistance 
Tobacco: very little effect 
Tobacco:enhanced 
resistance 
Tobacco: slower 
development 
Tobacco: no effect 
Tobacco: no effect -
insects adapt to Pis 
Rice: increased resistance 
Tobacco: complete 
resistance 
REFERENCE 
Hilder et al., 1987 
Xu et al., 1996 
Johnson et al., 1989 
Johnson et al., 1989 
McManus et al., 
1994 
McManus et al., 
1994 
Jongsma et al., 1995 
Duan et al., 1996 
Marchetti et al., 
1994 
Tobacco: reduced Thomas et al., 
reproduction rate 1995a 
Cotton: reduced fecundity Thomas et al., 
1995b 
T:oba~cO: slightly 
enhanced resistance 
Reas :§:1:ightly enhanced 
resistance 
Subteff;ci'.nean clover: 
Ihtef~ct.i6~ unresolved 
This thesis a.nd 
Charity et al.j 1997 
This thesis ~nd 
Charity et q{, 1997 
Cfhis thesis 
TRANSGENIC PLANT REFERENCE 
AND EFFECT 
Poplar: toxic effects, Leple et al., 1995 
increased tolerance 
TRANSGENIC PLANT REFERENCE 
AND EFFECT 
Tobacco: protective Boulter et al., 1990 
effects are additive 
Tobacco:enhanced This thesis 
resistfil!Ce with 2 genes 
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Characterisation and processing of the proteinase 
inhibitor of J\licotiana alata (Na-PI) 
The proteinase inhibitor gene fi·om the stigmas of Nicotiana alata (Na-PI) is a novel gene 
for transfer into plants as it produces five homologous 6kDa Pls and n,vo flanking regions 
fi·om a single 40.3kDa precursor (Atkinson, 1992; Atkinson et al. , 1993a) (Fig. 1-1 ). 
Most other serine Pls are synthesised as low molecular weight primary translation 
products that undergo minimal modification and have only one or nvo reactive sites. 
Four of these Na-Pis exhibit inhibitory activity against trypsin and one inhibits 
chymotrypsin (Atkinson et al., 1993a; Heath et al. , 1995). Each of the proteinase 
inhibitors are about 53 amino acids (Heath et al. , 1995) and contain eight cysteine 
residues which are stabilised by four disulphide linkages (Nielsen et al. , 1995). After 
cleavage of the precursor, it is proposed that the N-tenninal and C-terminal regions f otm 
a putative sixth domain with a chymotrypsin reactive site (indicated by 'C', in Fig. 1-1) 
(Nielsen et al., 1996). 
C C T T 
C 
Cl T2 
1f T3 
Fig. 1-1. The structure and processing of the J\licotiana alata Proteinase Inhibitor. The precursor 
has a signal sequence and six repeated domains which are proteolytically cleaved at the sites indicated by 
anows. Cleavage produces five peptides: C l , chymot:rypsin inhibitor and Tl-T4, trypsin inhibitors and 
two flanking regions. The solid bars represent the reactive sites of the inhibitors which are marked 'C' for 
chymot:rypsin reactive site or 'T' for trypsin reactive site . (Figure adapted from Heath et al., 1995). 
These polypeptides have sequence similarity to the type II serine Pls from tomato, potato 
and eggplant (Atkinson et al. , 1993a). The unprocessed precursor for Na-PI has anti-
chymotrypsin and anti-tiypsin activity but processing of the molecule enhances its tiypsin 
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inhibitory activity, presumably by exposing all four trypsin inhibitory sites (Heath et al., 
1995). 
1.3.6 Does Na-PI have a role in plant defence? 
As described earlier for other serine Pis (section 1.3.4.2 and 1.3.4.3), three stages in the 
analysis of the interaction of Pis with insects, are also being used to assess the potential 
of Na-PI to confer insect resistance to crops. First, in vitro tests were used to 
determine the effect of the chymotrypsin inhibitor (C 1) and the trypsin inhibitors (T 1-T 4) 
(from the cleaved or uncleaved Na-PI precursor) against the protease activity of gut 
extracts from a range of insects. The effect of Na-Pis on casein hydrolysis varied from 
37-77% inhibition depending on the insect gut extract being tested (Heath et al., 1997). 
Na-Pis inhibited gut proteases from five insect orders in vitro and displayed significant 
inhibitory activity against Heliocoverpa armigera (tobacco budworm), H. punctigera 
and the black field cricket (Heath, 1994; Heath et al., 1997). Secondly, H. punctigera 
fed on diets containing 0.26% (w/w) Na-PI weighed about 54% less after 12 days, than 
the caterpillars fed on a control diet (Heath, 1994). The third stage is to create 
transgenic plants containing Na-PI and test if they show enhanced resistance to pests and 
pathogens. In preliminary trials, H. punctigera larvae fed transgenic tobacco leaves 
containing Na-PI weighed about 56% less after 14 days, than larvae fed on control plants 
(M. Lee; pers. comm.). This thesis describes experiments aimed at confirming the 
previous results in tobacco and extending this observation to crop and pasture species in 
order to investigate whether Na-PI is a suitable candidate for possible pest control (see 
section 1.5). 
1.4 Thionins 
Thionins are a family of small (Mr ~5000), proteins described mainly in cereals (maize, 
barley, wheat and rye) and more recently in potato and Arabidopis (Epple et al., 1995). 
Their name is derived from the Greek word meaning 'sulphur' because they are rich in 
cysteine residues (Florack and Stiekma, 1994 ). They have been found in seeds, stems, 
roots. Thionins are basic proteins and exert toxicity to bacteria, fungi, yeasts and some 
eukaryotic cells in vitro by largely unknown mechanisms, though suggestions are 
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discussed in section 1.4.3 .2. Thionins have been the subject of many reviews; Garcfa-
Olmedo et al., (1989); Bohlmann and Apel (1991); Garcfa-Olmedo et al., (1992); 
Florack and Stiekma (1994) and Bohlmann, (1994). 
1.4.1 Distribution and types of thionins 
There are five types (I-V) of thionins based on their organ specificity, species of origin 
and their structural properties (Garcfa-Olmedo et al., 1992). Four types of thionins 
show amino acid sequence similarity. In particular, the positions of the cysteine residues 
are highly conserved and their tertiary structure is stabilised by disulphide bridges 
(Florack and Stiekma, 1994 ). Type I thionins are abundant in cereal endosperms, have 
four disulphide bonds and are typically 45 amino acids in length. Well studied examples 
include the a- and ~-hordothionins from barley endosperm, (Hernandez-Lucas et al., 
1986; Ponz et al., 1986) and al-, a2- and P-purothionins from wheat (Mak and Jones, 
1976; Castagnaro et al., 1994). The seven sequences known to date are highly basic and 
have no negatively charged residues (Garcia-Olmedo et al., 1992). Immuno-gold 
electron microscopy has been used to show that the subcellular location of type I thionins 
in wheat and barley endosperm is electron-dense spheroides in the periphery of protein 
bodies (Carmona et al., 1993a). 
Type II thionins have been found in barley leaves (Bohlmann and Apel, 1987; Gausing, 
1987) and in the nuts and leaves of Pyrularia pubera (Vernon et al., 1985). They also 
contain four disulphide bonds but are less basic than type I thionins and are either 46 or 
47 amino acids long. 
Type ill thionins have three disulphide bonds, 46 amino acids and are also less basic than 
type I thionins. A mixture of Type III thionins was first isolated nearly 50 years ago 
from European mistletoe species and named viscotoxins (Winterfeld and Bijl, 1948; cited 
in Bohlmann, 1994 ). Since that time, many viscotoxins have been characterised from 
mistletoe leaves and stems (Samuelsson and Pettersson, 1971; Olson and Samuelsson, 
1972) and more recently from seeds (Schrader-Fisher and Apel, 1993). So far, there has 
been little molecular characterisation of type ill thionins and none have been sequenced. 
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Type IV thionins are commonly called crambins because they were isolated from the 
seeds of the Abyssinian cabbage ( Crambe abyssinica) (Teeter et al., 1981; Vermeulen et 
al., 1987). Crambins are not toxic (Van Etten et al., 1969), they have 3 disulphide 
bonds, are 46 amino acids in length and are neutral. Type V ( or y-) are neutral (Garcia-
Olmedo et al., 1992) and have recently been discovered in wheat (Colilla et al., 1990; 
Castagnaro et al., 1992) and barley endosperms (Mendez et al., 1990). They do not 
share the same degree of structural similarity as the first four types. Two cysteine 
residues are missing, with consequent loss of the first and second disulphide bridges, 
which may allow a new disulphide bridge to be formed between the two mismatched 
cysteines (Garcia-Olmedo et al., 1992). As the y-thionins are structurally unrelated to 
thionins, they have recently been reclassified as being members of a class of antimicrobial 
peptides called 'plant defensins' (Terras et al., 1992b; Bohlmann, 1994) (section 
1.2.1.1). A sixth grouping may be introduced to accommodate a new Q-hordothionin, 
recently characterised from barley endosperm (Bruix et al., 1995). This Q-hordothionin 
has structural similarity to y-thionins, scorpion toxins and insect defensins (Bruix et al., 
1995). 
1.4.2 Structure, synthesis and processing of thionins 
Comparison of thionin amino acid sequences indicates that the positions of the six or 
eight cysteines in thionin types I to IV are always conserved. The cysteine residues form 
disulphide-bridges, stabilising the molecule. In addition, tyrosine or phenylalanine at 
position 13 is conserved (except for type IV). Thionins are compact, amphipathic (one 
side hydrophilic, one side hydrophobic) molecules and are particularly amenable to 
structural studies as they crystallise readily with high yields (Garcia-Olmedo et al., 
1989). The 3-dimensional structure of types I, III and IV is essentially the same (Garcia-
Olmedo et al., 1992). They are 'L-shaped' with two a-helixes making up the long arm 
of the L, while the horizontal arm consists of two short antiparallel ~-sheets (Bohlmann, 
1994). 
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Type I thionins from barley endosperm are synthesised on membrane-bound polysomes 
as precursors requiring cleavage (Ponz et al., 1983). The pre-proprotein has an N-
terminal signal peptide, which is co-translationally cleaved, a sequence corresponding to 
the mature protein and an acidic peptide at the C-terminus (Ponz et al. , 1986) (Fig. 1.2). 
Type II and V have the same precursor structure (Gausing, 1987; Castagnaro et al. , 
1992; respectively) and in all cases, the acidic peptide is cleaved off post-translationally 
(Ponz et al., 1983). The function of the acidic peptide is not clear, but Bohlmann ( 1994) 
proposes it might neutralise the basic thionin domain, protecting host cells from its 
possible toxic effects. Alternatively, the acidic peptide might facilitate transport of the 
mature thionin through membranes (Florack et al., 1994). 
Signal Thionin Acidic Peptide 
l t 2t 
Fig. 1-2 Structure of the thionin precursor protein. All thionins have a signal sequence which must 
be co-translationally cleaved (indicated by the arrow labelled ' 1 ') and an acidic peptide which must be 
removed post-translationally (arrow '2'). (Figure modified from Ponz et al. , 1986). 
1.4.3 Biological activity and function of thionins 
1.4.3.1 Antimicrobial properties of thionins 
The first report of the biological activity of thionins may have been the observation, that 
a substance in wheat flour was toxic to yeast (Jago and Jago, 1885; cited in Bohlmann, 
1994). Over 50 years later, purothionins from wheat were characterised, purified (Balls 
and Hale, 1940) and their antimicrobial properties were documented (Balls et al., 1942; 
Stuart and Harris, 1942). Since then, the toxicity of type I and II thionins to yeast 
(Okada et al., 1970; Hernandez-Lucas et al., 1974), fungi (Bohlmann et al., 1988) and 
bacteria (Fernandez de Caleya et al., 1972) in vitro has been confirmed. Wheat ~-
purothionin displayed antifungal activity towards 12 phytopathogenic fungi (Cammue et 
al., 1992) and barley leaf thionins (Type II) inhibited the growth of Erisyphe graminis 
f.sp. hordei (Bohlmann et al., 1988). Purothionins from wheat ( a 1, a 2 , ~) are also toxic 
to cultured spruce budworm and mosquito cells with LC50 values around 20 µg/ml (Jones 
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et al., 1985). These type II thionins also inhibited callus formation of plant protoplasts 
and the growth of the sugar cane fungus Theielaviopsis pardoxa (Reimann-Philipp et al., 
1989). Finally, there is one report that purothionins (and their counterparts from barley 
and rye) caused a 50% increase in insect mortality when injected into Manduca sexta 
larval hemocoel (Kramer et al., 1979). 
1.4.3.2 Effect of thionins on biological membranes 
The precise mechanism of action of thionins is unknown, but the observation that they 
cause biological membranes to leak (Carrasco et al., 1981; Garcia-Olmedo et al., 1983; 
Terras et al., 1993a; Florack and Stiekma, 1994) has led to at :least two hypotheses to 
explain their toxic effects. In one model, the positive residues of thionins are thought to 
interact electrostatically with negatively charged membrane phospholipids, causing pores 
or channels to form, through which the cell contents are released (Bohlmann, 1994). 
Electron microscopy has been used to show that purothionins form pores in membranes 
causing rapid cell death (Oka et al., 1992). Additionally, there are similarities between 
the amino acid sequences of purothionins and the mammalian pore-forming protein EGF, 
particularly around the cysteine-rich motif (Oka et al., 1992), although this evidence 
must be viewed with caution as the similarity is weak and does not include the first two 
cysteine residues (Bohlmann, 1994). 
There is also evidence to support another mechanism in which it is proposed that thionins 
activate phospholipase by first binding to a membrane receptor (Vernon and Rogers, 
1992). In this model, it is the detergent-like activity of the phospholipase and not the 
thionin itself which would cause membrane damage. Pyrularia thionin, for example, has 
been shown to bind to a specific phospholipid (Vernon and Rogers, 1992), leading to the 
stimulation of an internal phospholipase (Evans et al., 1989) which permeabilises the 
membrane. One common feature is that calcium (5mM or greater) and other divalent 
metal ions reverse the haemolytic activity of thionins (e.g., Okada and Yoshizumi, 1973) 
- a well-documented characteristic of small, amphipathic, cysteine-rich antimicrobial 
molecules. 
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1.4.3.3 Other functions of thionins 
Apart from suggestions that thionins have a role in protecting plants against microbial 
attack (Bohlmann and Apel, 1987; Garcfa-Olmedo et al., 1989), thionins are implicated 
in other biological functions. Purothionins are able to reduce disulphide bonds on 
proteins (Wada and Buchanan, 1981) and activate phosphoinositide-mediated signal 
transduction (Angerhofer et al., 1990). Together, these observations led to the 
proposition that thionins may function as secondary thiol messengers. Their reducing 
activity may explain why thionins inhibit ribonucleotide reductase (Johnson et al., 1987), 
papainase (Balls et al., 1942) and a-amylase (Jones and Meredith, 1982), however their 
subcellular location does not lend support to such cytosolic activity, nor is it clear how 
S-S reduction would occur, given that thionins have no free cysteine groups. 
Jones and Meredith (1982) claimed that purothionins inhibited a-amylase activity. The 
significance of this observation is questionable because the amount of purothionin vastly 
exceeded the amount of a-amylase. Purothionins have also been shown to inactivate ~-
glucuronidase (GUS) and neomycin phosphotransferase (NPT-II) by attachment of the 
thionin to the enzyme through the formation of disulphide links (Pineiro et al., 1995). 
The formation of disulphide linkages was prevented by the addition of DTT ( a strong 
reducing agent) as well as by preincubation of the enzyme in a sulphydryl blocking agent. 
The authors concluded that the reaction is selective as thionins did not react with all 
cysteine-containing proteins in a similar manner. Furthermore, when thionins were 
confronted with a complex protein mixture they only bound to one periplasmic 
component of the bacteria Pseudomonas solanacearum (Pineiro et al., 1995). One 
explanation is that this interaction could be related to the mechanism of toxicity, or as the 
P. solanacearum strain used was resistant to the thionin, perhaps to a resistance factor. 
Other studies on the purothionins have shown that they inhibit eukaryotic cell-free 
protein synthesis probably by directly binding to mRNA (Garcfa-Olmedo et al., 1983). 
Because type I thionins are abundant in endosperms and are sulphur-rich, these thionins 
may function as storage proteins, although it remains to be proven if sulphur originating 
from thionins is mobilised during seed germination. Nonetheless, there is some evidence 
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that sulphur from viscotoxins (type ill) is mobilised during leaf maturation (Schrader and 
Apel, 1993). After detecting thionins in protein bodies, Carmona et al., ( 1993a) 
suggested that they may be involved in packaging storage proteins into protein bodies. 
1.4.3.4 Thionins and crop protection 
The possibility that thionin genes could be appropriate candidates for conferring 
pathogen resistance on important crop species is based mainly on the following 
observations: ( 1) barley leaf thionins were induced after infection with powdery mildew 
(Erysiphe graminis f.sp. hordei) (Bohlmann et al., 1994); (2) barley leaf thionins inhibit 
the growth of Thielaviopsis paradoxa and Pyrenophora ( drechslera) teres in a plate 
diffusion bioassay (Bohlmann et al., 1988); (3) ~-purothionin is toxic to several 
phytopathogenic bacteria (Cammue et al. , 1992) and ( 4) the antifungal activity of 
thionins from wheat and barley in vitro could be enhanced when combined with 2S 
albumins (from oilseed rape) or barley trypsin inhibitors (Terras et al., 1993a). 
Initial studies with transgenic tobacco showed that barley a-hordothionin was expressed 
and cleaved in leaves. Furthermore, a-hordothionin isolated from leaves of these 
transgenic tobacco plants inhibited the plant pathogen Clavibacter michiganensis ssp. 
michiganensis in a similar to that of a-hordothionin purified from barley endosperm 
(Florack et al., 1994) (Table 1-1). Subsequently, Carmona et al., (1993b) found that the 
expression of a gene encoding a-hordothionin from barley endosperm in tobacco 
enhanced resistance to Pseudomonas species although the a-hordothionin homologue 
from wheat ( a 1-purothionin) was not effective against these same bacterial pathogens 
(Carmona et al., 1993b) (Table 1-1). 
1.4.4 ~-hordothionin from barley endosperm 
There are representatives from type I (Ponz et al., 1983), II (Bohlmann and Apel, 1987; 
Gausing, 1987) and V (Mendez et al., 1990) thionins in barley. I describe experiments 
with type I ~-hordothionin from barley endosperm. A cDNA clone (pTH2) encoding the 
precursor has been sequenced and characterised (Hernandez-Lucas et al., 1986). The 
precursor was composed of a 45 amino acid thionin sequence flanked by an 18 amino 
1-30 
Chapter I: Introduction 
acid signal peptide and a 64 amino acid acidic peptide which are removed co- and post-
translationally, respectively (Ponz et al., 1986). Complete chimeric a- and ~-
hordothionin genes have previously been transferred to tobacco (Florack et al., 1994). 
The authors detail the processing, accumulation and antifungal activity of the a-
hordothionin construct, but not the ~-hordothionin construct. Much lower levels of a-
hordothionin accumulated in transgenic tobacco made by Carmona et al., ( 1993b) 
compared to those achieved by Florack et al., (1994), yet expression was high enough to 
confer partial resistance to Pseudomonas syringae (Table 1-1). To date, as there are no 
reports of the effectiveness of transgenic tobacco containing ~-hordothionin (~-HTH) on 
bacterial or fungal pathogens, I have sought to evaluate the potential of ~-HTH for 
improving crop productivity. 
1.5 Aims and scope of the present study 
A review of the literature on the potential of antimicrobial and insecticidal genes to 
improve crop productivity, indicated that an increase in the pool of defence molecules 
amenable to genetic manipulation was highly desirable. My overall aim was to assess the 
potential of two defence genes to increase resistance of plants to pests and pathogens. 
As there is accumulating evidence to support the claim that proteinase inhibitors (Pis) 
and thionins are involved in the protection of plants, from pests and diseases I produced 
transgenic plants which contained the chimeric genes encoding a PI and a thionin. To 
describe the characterisation and investigation of the resistance of transgenic plants, this 
thesis is organised into five chapters: 
Chapter One: Provides a review of the literature on possible defence genes with focus 
on proteinase inhibitors and thionins, drawing on relevant studies. 
Chapter Two: A cDNA clone for a proteinase inhibitor had previously been isolated 
from the stigmas of Nicotiana alata (Na-PI) (Atkinson et al., 1993a) and reconstructed 
as a chimeric gene for green tissue specific expression (A. Moore; pers. comm.). This 
chapter describes the transfer of this Na-PI chimeric gene firstly into tobacco, and then 
into two important grain and forage legumes, peas and subterranean clover, respectively. 
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The expression of Na-PI mRNA is analysed by northern blot analysis while western 
blotting provides information on the cleavage of the Na-PI precursor as well as 
quantifying Na-PI peptide accumulation. In addition, the stability of Na-PI in the 
germline of all three plant species is determined by observing the segregation ratio of the 
na-pi gene, for at least two generations. The second potential defence gene to be 
studied in this thesis is a ~-hordothionin (~-HTH) from barley endosperm and this 
chapter also details the transfer and expression of the cDNA encoding this gene in 
tobacco. Finally, transgenic tobacco containing the highest amount of Na-PI and ~-HTH 
were cross-fertilised to produce individual plants containing both genes. Evidence for F3 
double transformants being homozygous for both genes is provided by northern analysis. 
Chapter Three: This chapter describes bioassays whereby the mortality, growth and 
development of insect pests is monitored, in order to test the performance of transgenic 
tobacco containing Na-PI in their leaves. In particular, tobacco and peas are assessed by 
feeding leaves from transgenic plants to Heliocoverpa armigera (tobacco budworm) and 
H. punctigera (native budworm), which are major pests of peas, cotton and other 
vegetable crops. Likewise, the insecticidal activity of subclover containing Na-PI on 
redlegged earth mite is investigated. Additionally, as a thionin gene may be a novel 
strategy to confer protection on tobacco against insects, the resistance of transgenic 
tobacco containing ~-HTH is described using H. armigera as a test insect pest. In the 
same experiment, I test the proposal that pyramiding Pis and thionin genes offers greater 
protection to plants than either gene alone, so results from a bioassay testing if transgenic 
tobacco with two genes have improved resistance to H. armigera are presented. 
Chapter Four: As the efficacy of Pis in transgenic plants against fungal pathogens has 
not been reported, tobacco plants containing Na-PI are examined for increased resistance 
to Botrytis cinerea (grey mould). Initial experiments use a bioassay on transgenic leaf 
pieces, while whole plants are used in later experiments This chapter also reports on the 
performance of transgenic tobacco 
solanacearum (bacterial wilt) and B. 
containing ~-HTH against Pseudomonas 
cznerea. For reasons described above, the 
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protective effects of Na-PI and ~-HTH in combination, on transgenic tobacco is assessed 
in bioassays with B. cinerea and P. solanacearum. 
Chapter Five: This concluding chapter summarises both the major and minor findings of 
the experiments in this thesis and discusses the significance of the research in relation to 
previous studies. Finally, this chapter dwells on the implications of these conclusions and 
proposes strategies to further investigate the exploitation of defence genes to improve 
crop productivity. 
1-33 

Chapter 2: Plant transformation 
7(,tJ(J 
Transformation and expression of genes for a proteinase 
inhibitor and thionin gene in transgenic plants. 
2.1 Introduction 
One of the most significant breakthroughs in plant science in recent years is the 
development of transformation systems which allow the transfer of genes from unrelated 
sources into crop plants. Genetic engineering may provide a strategy for improving the 
productivity of plants by introducing new genes that have the potential to increase pest 
and disease resistance. The overall aim of this thesis was to assess the potential of a 
proteinase inhibitor from Nicotiana alata and a ~-hordothionin from barley, to increase 
the resistance of plants to pests and pathogens. The first requirement in realising this aim 
is the successful transformation and expression of these novel genes in plants. This 
chapter describes the transformation of tobacco, pea and subterranean clover with a 
proteinase inhibitor gene and tobacco with a thionin gene. 
The precursor for a proteinase inhibitor found in the stigmas of Nicotiana alata (Na-PI) 
consists of six repeated domains that are cleaved to produce five homologous 6 kDa Pis 
(Fig. 1-1) (Atkinson et al., 1993a). The presence of multiple inhibitory sites offers an 
advantage over single or double domain inhibitors in that five Pis will be produced from 
a single transcript, rather than the usual one gene: one protein ratio. This also means 
that the expression of these Pis would be co-ordinately regulated and may lead to 
accumulation of the inhibitors in transgenic plants. The precursor for Na-PI has 
chymotrypsin inhibitory activity but post-translational processing is required to expose all 
four trypsin inhibitory sites (Heath et al., 1995). This means to maximise the biological 
usefulness of Na-PI as a defence molecule, the precursor must be cleaved in the leaves of 
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transgenic plants. The molecular analysis of plants transformed with Na-PI, therefore, is 
fundamental to the overall aim of the project. 
In addition to Na-PI, this chapter describes the characterisation of transgenic tobacco 
containing P-hordothionin (P-HTH) from barley endosperm. Like Na-PI, the precursor 
for P-HTH requires cleavage. The pre-protein contains 127 amino acids including a 
signal sequence (18 amino acids), a mature thionin domain (45 amino acids) and an 
acidic domain at the C-terminus (64 amino acids). Active P-HTH is released after co-
translational cleavage of the signal peptide and post-translational removal of the acidic 
peptide. Therefore, the success of P-HTH in providing plants with additional protection 
from pests and pathogens, depends primarily upon the cleavage of the P-HTH pre-
protein in transgenic plants. 
For initial studies, tobacco (Nicotiana tabacum), which is easily transformable (Horsch 
et al., 1985) was chosen as a model system. Transformed plants were assessed for 
expression of the Na-PI and P-HTH gene constructs by northern and western blotting. 
Upon confirmation of cleavage of Na-PI and P-HTH in the leaves of transgenic tobacco, 
I wanted to extend these observations to important legume species, in order to assess if 
Na-PI will be processed and active in genera other than Nicotiana, and plant families 
other than the Solanaceae. 
To this end, pea (Pisum sativum L.) and subterranean clover (Trifolium subterranean 
L.), were chosen as examples of important grain and forage legumes. Pea is an 
important food crop which provides a source of protein for both humans and animals. I 
utilised the pea transformation and regeneration system developed by Schroeder, H. et 
al., (1993) to transfer the cDNA encoding Na-PI into the cultivar 'Greenfeast'. 
Subterranean clover, hereafter referred to as subclover, is the most widely used pasture 
legume in temperate Australia. It is well adapted for grazing and is suitable for growth in 
neutral to slightly acidic soils (Gillespie, 1993). Given its ability to fix nitrogen, growth 
habit, nutritional value and palatability, it has established itself as a major contributor to 
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many primary industries in Australia especially those involved in meat, wool, dairy and 
wheat production (Johnstone and McLean, 1987). A rapid and reproducible 
transformation system developed for subclover (Khan et al., 1994) allowed the 
introduction of the na-pi gene into this forage legume. 
A briefer account of the transformation and expression of na-pi in tobacco and pea has 
been prepared for publication (Charity et al., 1997). 
2.2 Material and Methods 
2.2.1 Construction of pAM8 which contains the Na-PI cDNA 
The Na-PI coding region (1.2 kb) was amplified from the plasmid pNA-PI-II (Atkinson 
et al., 1993a) by PCR. The 5' amplification primer contained a BamHl site and the 
3' amplification primer contained a Sall site for insertion of the PCR product into the 
plasmid, pWM5 (Tabe et al., 1995). pWM5 contains the promoter and 5' untranslated 
region (UTR) from a gene from Arabidopis thaliana encoding the small subunit of 
ribulose-1,5-bisphosphate carboxylase-oxygenase, (Rubisco) (Krebbers et al., 1988b ). 
This promoter, hereafter known as ASSU, is adjacent to a polycloning site, followed by a 
3' UTR from the tobacco gene for the small subunit of Rubisco (TSSU) (Tabe et al., 
1995). The resulting plasmid (pAM7) was cut with EcoRI to release the complete 
chimeric gene. This 3.2 kb fragment was inserted into the EcoRI site between the T-
DNA borders of the binary vector pT AB 10 (Tabe et al., 1995). pT AB 10 also contains 
the selectable marker gene bar driven by the Cauliflower Mosaic Virus (CaMV) 35S 
promoter. This gene codes for phosphinothricin acety 1 transf erase which confers 
resistance to phosphinothricin (PPT), the active ingredient in the non-selective herbicide, 
glufosinate ammonium. The resulting binary plasmid (pAM8; Fig. 2-1) was mobilised 
from Escherichia coli into Agrobacterium tumefaciens strain AGLl, by triparental 
mating, using the helper plasmid pRK.2013 (Ditta et al., 1980). pAM8 was used to 
transform tobacco, pea and subclover. The plasmid pAM7 was constructed by Andrew 
Moore (CSIRO, Division of Plant Industry). 
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Fig. 2-1 Construction of the binary plasmid pAM8 containing a chimeric Na-PI gene. 
Black open circles are schematic representations of plasmids, anowed boxes are promoters and 
coloured boxes represent the cDNA as labelled The plasmid pNA-PI-II contains the cDNA encoding 
the proteinase inhibitor from N. alata (Na-PI). BamHl and Sall sites were created at the 5' and 3' 
ends of the Na-PI cDNA, respectively, by PCR. The fragment was cut with BamHl and Sal.l and 
ligated between the Arabidopsis Rubisco small subunit promoter (ASSU) and the tobacco 3' lJTR 
terminator (TSSlJ) of p\V?vl5. The entire chimeric gene was released from pAM7 by EcoRl digestion 
and inserted into the EcoRl cut binary vector, pT ABlO to create pANI8. pNvI8 is described fully in 
the text. 
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Fig. 2-2 Construction of the binary plasmid pbvVlVI39 containing a chimeric P-hordothionin gene 
PCR was used to construct BamH 1 and Sall sites at the 5 ' and 3' ends, respectively of the S-
hordothionin (S-HTH) cDNA of pTH2 . The fragJTient was digested with restriction enzymes, BamHl 
and Sall and ligated into pvVNI38 at a BamHl site after the Cauliflower Mosaic Virus 35S (35S 
CaMV) promoter, creating a new plasmid, pvVM39 . pvVM39 was cut \vith EcoRl , and the chimeric 
gene containing S-HTH was ligated into pT AB l O which had been digested with Eco Rl . The binary 
vector was named pbvV1vI39 and is described in detail in the text . 
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Construction of pb WM39 which contains the 
~-hordothionin cDNA 
Except for mobilisation of pb WM39 into Agrobacterium, all other cloning steps were 
performed by Warren McNabb, CSIRO, Division of Plant Industry. Plasmid pTH2 
contains the cDNA of barley endosperm ~-hordothionin (~-HTH) (Hernandez-Lucas et 
al., 1986). To simplify cloning, the ~-HTH coding region (420 bp) was amplified by 
PCR from pTH2 to create BamHl and Sall consensus sequences at the 5' or 3' end, 
respectively. The PCR product was digested with BamH l and Sall and cloned into 
pWM38 (Fig. 2-2). The plasmid pWM38 (derived from pDH51; Pietrzak et al., 1986), 
contained the CaMV 35S gene expression cassette, Alfalfa Mosaic Virus (AMV) 5' UTR 
and TSSU. The 1.4 kb chimeric ~-hordothionin gene was released from p WM39 using 
EcoRI restriction and inserted at the EcoRI site between the T-DNA borders of the 
binary vector pTABl0 (Tabe et al., 1995). The new binary plasmid pbWM39 (Fig. 2-2) 
was transferred from E. coli into A. tumefaciens strain AGLl as described above 
(section 2.2.1). 
2.2.3 Transformation systems 
2.2.3.1 Tobacco 
Leaf disks of N. tabacum cultivar Wisconsin 38 (W38) were transformed as previously 
described (Horsch et al., 1985), but with the modifications detailed by Higgins et al., 
(1988). Transformants were selected on 10 mg/L PPT. Healthy shoots were rooted on 
hormone-free media, transferred to soil and grown in the glasshouse. 
2.2.3.2 Pea 
The Agrobacterium-mediated gene delivery system developed by Schroeder H. et al., 
(1993) was used to transform the pea cultivar Greenfeast. Briefly, longitudinal segments 
of the embryonic axis from immature seeds, were co-cultivated with Agrobacterium 
containing pAM8 for three days. Following co-cultivation, callus was induced on media 
containing PPT (12.5 mg/L) for 15 days after which the calli were transferred to medium 
containing hormones and PPT (12.5 mg/L) to induce shoot formation. Shoots were 
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excised from callus and transferred to root-inducing medium containing PPT ( 10 mg/L). 
When adequate root growth was established, plantlets were transferred to soil in the 
glasshouse. 
2.2.3.3 Subclover 
The cultivar Trikkala was transformed by an Agrobacterium-mediated gene delivery 
system described by Khan et al., 1994. Hypocotyl segments excised from imbibed seeds 
were co-cultivated for seven days with Agrobacterium containing pAM8. Explants were 
washed in cefotaxime (500 mg/L) to prevent further bacterial contamination and the 
growing root tip was discarded. The remaining 1-2 mm hypocotyl segment was placed 
on regeneration medium containing 50 mg/L PPT. Surviving explants were transferred 
to fresh medium every three weeks. Green shoots which emerged from the hypocotyl 
segments were excised and dipped in indole-3-butyric acid (IBA) ( 1 mg/ml) for one min 
to induce root formation. Shoots were grown in media supplemented with 3 mg/L IBA 
and plantlets with adequate root growth were transplanted into a well draining soil in the 
glasshouse (Khan et al., 1994). 
2.2.4 Northern blot analysis of transgenic plants 
2.2.4.1 RNA extraction from leaves 
Total RNA was isolated and purified from tobacco and pea tissues using a lithium 
chloride precipitation method (Chandler et al., 1983). 300 mg of frozen young tissue 
was ground to a fine powder before extraction with 900 µl of buffer and 900 µl of 
phenol-chloroform-isoamyl alcohol (25:24: 1). The nucleic acids were precipitated with 
an equal volume of isopropanol and the pelleted nucleic acids redissolved in water before 
reprecipitation with one volume of 4M lithium chloride. The absorbance at 260 nm was 
used to determine the concentration of RN A. 
2.2.4.2 Gel electrophoresis and RNA blotting 
Five micrograms of total RNA was separated by gel electrophoresis in a 1.4% agarose 
gel containing 0.66M formaldehyde and transferred to nylon membrane (Hybond™-N, 
Amersham) by capillary blotting in 20X SSC ( IX SSC contains 0.15M sodium chloride 
2-42 
Chapter 2: Plant transformation 
and 0.015M sodium citrate). DNA was 
32P-labelled to a high specific activity (10
8 
dpm/mg) using a Megaprime DNA labelling system (Amersham). Probes were either the 
1.2 kb Na-PI cDNA coding region from pAM8, the 450 bp ~-HTH fragment from 
pbWM39 or DNA encoding the wheat 18S ribosomal RNA (Gerlach and Bedbrook, 
1979). The 18S ribosomal probe accounted for differences in loading, enabling the 
quantification of the Na-PI mRNA by ImageQuant analysis (Molecular Dynamics, 
Version 3.3). Hybridisation was performed in 50% formamide at 42°C as detailed by 
Higgins and Spencer (1991). The filters were washed twice with 2X SSC at room 
temperature for 15 min, followed by two washes in buffer containing 0.1 % sodium 
pyrophosphate (NaPPi), 2X SSC, 0.1 % SDS at 65°C for 15 min and a further 2 washes 
in a higher stringency buffer which contained 0.1 % NaPPi, 0. lX SSC, 0.1 % SDS at 
65°C for 15 min The membranes were exposed to Fuji RX film at -70°C for 1-3 days 
with an intensifying screen, followed by fluorography. 
2.2.5 Western blot analysis of transgenic plants 
2.2.5.1 Detection of Na-PI 
Freshly harvested tissues were ground with sand, using a mortar and pestle. Total 
soluble proteins were extracted using 5 ml of extraction buffer [100 mM Tris-HCl (pH 
8.0), 2 mM CaC12, 10 mM ethylenediamine tetraacetic acid and 50 mM ~-
mercaptoethanol] per gm of tissue. Protein concentration was estimated by the method 
of Bradford (1976). Proteins (100 µg) were separated by SDS-polyacrylamide gel 
electrophoresis ( 15-25 % gradient) (SDS-P AGE) according to Laemmli ( 1970) at 120V 
for 3 h. Relative molecular weights were estimated by reference to Bio-Rad prestained 
SDS-PAGE broad range markers. Purified Na-PI peptides from N. alata stigmas 
(Atkinson et al., 1993a) were used as a positive control and for densitometric 
quantification (ImageQuant) of the amount of Na-PI peptides in the extracts from 
transgenic plants. A semi-dry transfer system (JKA-Biotech), modified from Lauriere 
(1993), was used to transfer proteins from the gel (18 min, 12V) to nitrocellulose 
membrane (0.22 µm, Schleicher and Schuell). The transfer buffer contained 48 rnM 
Tris-HCl, pH 9.4; 39 mM glycine and 20% (v/v) methanol. Proteins were fixed onto the 
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membrane by immersion in 100% isopropanol for one min, (M. Muskins, pers. comm.), 
followed by 12 min in 2% (v/v) glutaraldehyde (Sigma) (Karey and Sirbasku, 1989; M. 
Muskins, pers. comm.) in Tris-buffered saline (TBS). After washing for five min in TBS, 
the membrane was blocked for one h in TBS + 3% w/v bovine serine albumin (BSA) 
(Fraction V, Sigma). The membrane was washed for five min in TBS and incubated 
overnight at room temperature with a polyclonal rabbit antibody, specific to Na-PI (2 
µg/ml protein A purified antibody diluted in TBS containing 1 % w/v BSA) (Atkinson et 
al., 1993a). The membrane was washed three times, each for five min, in TBS + 0.05% 
Tween-20 (TEST) + 0.1 % w/v BSA and incubated with goat anti-rabbit IgG (Fe)-
alkaline phosphatase conjugate (Promega) at room temperature for one h. After washing 
twice in TBST + 0.1 % BSA and a final wash in TBS, alkaline phosphatase staining was 
performed according to manufacturer's instructions using 5-bromo-4-chloro-3-indolyl 
phosphate and nitro blue tetrazolium reagent (Sigma). 
2.2.5.2 Detection of intercellular Na-PI 
To determine if Na-PI was secreted, the intercellular fluid was assessed for the presence 
of peptides which reacted with the Na-PI specific antibody. Three gm of leaf tissue (with 
midribs and veins removed) were placed in petri dishes containing 10 ml infiltration 
buffer [100 mM Tris-HCl (pH 8.0), 2 mM CaC12, 10 mM ethylenediamine tetraacetic 
acid, 50 mM ~-mercaptoethanol and 0.5M sucrose], and infiltrated under vacuum for 
two min. Leaves were blotted dry on filter paper and placed into a 2.5 ml syringe barrel 
and the syringe and its contents were put inside a 15 ml Falcon tube. Intercellular fluid 
(IF) was collected by centrifuging the Falcon tube for ten min at 5000 rpm. Total 
protein was extracted from the remaining leaf by grinding in a mortar, and protein 
concentration was estimated as described in section 2.2.5 .1. 100 µg of protein was 
concentrated with four volumes of cold acetone, precipitated for 30 min at -20°C, and 
recovered by centrifugation. The air-dried pellet was redissolved in protein loading 
buffer (Laemmli, 1970). SDS-P AGE and western blotting were as described above 
(section 2.2.5.1). 
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2.2.5.3 Detection of ~-hordothionin 
Protein extracts were prepared from 500 mg of tissue, as described in section 2.2.5.1 
with the following additional steps. Ethanol was added to the protein extracts to a final 
concentration of 70%. The solution was incubated at room temperature for 30 min and 
clarified by centrifugation at 6 500 rpm for 10 min. The supernatant was transferred to a 
fresh tube and allowed to dry for 8 h in a Speed Vac concentrator (Savant). The pellet 
was dissolved in 100 µl of0.lM SDS containing lmM Tris, pH 7.0. Protein extracts 
were precipitated with bicinchoninic acid (Smith et al. , 1985) according to the supplier's 
instructions (Pierce, Rockford, USA) and aliquoted into microtitre plates (Greiner), 
which were read at 590 nm using a Multiscan Plus Microtitre plate reader (Labsystems). 
An estimate of protein concentration was calculated by Delta Soft II (a computer 
package which has an interface with Labsystems Multiscan Reader; version 4.3F). Fifty 
micrograms of protein were reduced in loading buffer containing 1 % dithiothreitol 
(Progen Industries) and separated by SDS-PAGE as described by Schagger and Von 
Jagow (1987). All reagents and gels were prepared with Milli-Q Plus (Millipore) water. 
Rainbow™ coloured protein molecular weight markers (Amersham Life Science) were 
used to estimate the molecular mass of P-HTH. Gels were stained using SYPRO™ Red 
Protein Gel Stain (Molecular Probes). Immunoblotting was exactly as described for Na-
PI (section 2.2.5.1) except for the omission of isopropanol fixation. The antibody with 
specificity to P-purothionin from wheat which cross-reacts with P-HTH (Carmona et al., 
1993a; Castagnaro et al., 1994), was kindly made and supplied by Peter Hughes 
(CSIRO, Division of Plant Industry), and used at a 1: 1000 dilution ( ~5 µg/ml) . Peter 
Hughes also contributed equally to the detection of thionins in transgenic tobacco by 
western blotting. 
2.2.6 Inheritance of genes in T 1 and T 2 progeny 
The presence and expression of the na-pi, P-hth and bar genes was assessed in 
transgenic tobacco, pea and subclover, by self-pollinating the highest expressing primary 
transformants. Seed was collected from one P-HTH expressing line (#1); two tobacco 
Na-PI expressing lines (#13 and #24); one pea line (#10) and nine subclover lines. Thirty 
tobacco, 20 pea and 7 subclover seeds (T 1) from each of these lines were germinated in 
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soil. After four weeks, PPT (1 mg/ml for tobacco; 0.6 mg/ml for pea and 0.2 mg/ml for 
subclover) was applied to leaves with a paintbrush and plants were scored for tolerance 
or damage after seven days. Northern blot analysis of T 1 PPT-tolerant and PPT-sensitive 
plants was used to confirm phenotypes. The blots were probed with 
32P-labelled Na-PI 
or ~-HTH DNA and T 1 plants which had approximately twice as much Na-PI or ~-HTH 
mRNA as their siblings or parent plant were selected as potential homozygotes and self 
pollinated. Seeds were collected and germinated to produce the second generation (T 2). 
Homozygosity of the T 2 seedlings was confirmed by painting with PPT and northern blot 
analysis. 
2.2.7 Crossing tobacco to generate double transformants 
Two primary transgenic tobacco plants expressing the highest amount of foreign peptide 
(Na-PI line #24 and ~-HTH line #1) were cross-bred to obtain individual plants which 
contained both genes. Immature tobacco flowers were emasculated (i.e., anthers were 
removed). Mature anthers from donor plants were excised and pollen was dusted on to 
moist stigmas of recipient plants. Reciprocal crosses were made to increase the chance 
of successful fertilisation. The entire flower was covered with a paper bag for two days 
and allowed to develop normally. Mature seed was selected and sown into a well 
draining soil, and after six weeks in the glasshouse, seedlings were assessed for tolerance 
to PPT as described in section 2.2.6. 
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2.3 Results 
2.3.1 Plant transformation 
Tobacco were transformed with na-pi or ~-hth and 25and12 transformants, respectively, 
were selected for analysis of gene expression. For the legume transformation 
experiments, there were 12 putative pea transformants and 9 subclover plants chosen for 
molecular analysis. 
Transformants from all three species were phenotypically normal when compared to 
untransformed plants (Fig. 2-3). 
2.3.2 Analysis of Na-PI transcripts and peptides in transgenic plants 
2.3.2.1 Tobacco 
Na-Pl transcripts in leaves of primary transformants 
An mRNA species of 1.4 kb from leaves of T0 transgenic tobacco hybridised to the Na-
PI probe but was not present in untransformed plants (Fig. 2-4 A(i) and B(i)). The size 
of the observed transcript was the same as the size predicted from the open reading 
frame of the Na-PI cDNA. It was of sufficient size to code for the 43.3 kDa 
preproprotein of Na-PI detected in stigmas before cleavage of the secretion signal 
(Atkinson et al., 1993a; Heath, 1994). 
' 
Variation in RNA loading and transfer was normalised by probing the same blots with 
18S rRNA (Fig. 2-4A(ii) and B(ii)) and densitometric analysis was used to quantify the 
amount of Na-PI mRNA relative to 18S mRNA of the northern blots shown in A and B. 
The results of this analysis are presented in Fig. 2-4C(i) and (ii), respectively. The lines 
#2, #13 and #24 accumulated Na-PI mRNA to approximately similar levels that were 
over 4-fold higher than the average of the level in most other transformants. 
2-47 
C 
; \ 
0 
~ 
r-' 
--' 
Fig. 2-3 Transgenic plants were phenotypically similar to control plants 
(A) Transgenic tobacco were harvested for analysis when plants had reached a height of about 20 cm, 
with eight leaves. (B) comparison of transgenic tobacco (left) with untransformed tobacco (right). (C) 
transgenic peas had about 12 internodes and were about 40 cm in height when leaves were harvested 
for analysis. (D) mature transgenic peas relative (right) to untransformed controls (left). (E) leaves 
from transgenic subclover were harvested from plants of the age shown in this photograph. (F) mature 
transgenic subclover (right) compared to an untransformed plant (left). The phenotypes of transgenic 
plants were indistinguishable from untransformed control plants in all three cases. 
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Fig. 2-4 Northern analysis of transgenic tobacco containing the Na-PI chimeric gene (pAM8). 
(A) Fluorograph of a gel containing 5 µg (per track) total RNA from transgenic tobacco lines (#2-
#13) and untransformed control (U). The number above the track represents an individual transgenic 
event. (i) Na-PI mRNA was detected by probing with a 
32P-labelled Na-PI cDNA and is arrowed. (ii) 
The same blot was probed with 
32P-labelled 18S ribosomal RNA to check for loading. (B) As 
described in (A) but analysis of transgenic lines #15-#25. (C) (i) and (ii) Quantification of the data 
presented in (A) and (B) respectively. The histogram shows the Na-PI counts normalised to the 18S 
rRNA counts. Na-PI specific mRNA was detected only in transgenic tobacco. The highest expressing 
lines were #2, #13 and #24. 
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Western blot analysis of T0 transgenic tobacco 
Total soluble leaf proteins from TO transgenic tobacco were separated by SDS-PAGE 
(Fig. 2-5A), and the level of proteinase inhibitor was determined by protein blot analysis 
(Fig. 2-5B), using an antibody raised against the 6 kDa Pis purified from N. alata 
stigmas (Atkinson et al., 1993a). Na-PI-related polypeptides of Mr ~6000 were detected 
in transgenic tobacco leaves but were absent in leaves from untransformed controls (Fig. 
2-5B(i) and (ii)). The amount of Na-PI polypeptides was estimated by comparison with 
200 ng of Na-PI purified from stigmas (Fig. 2-5B (i); lane 1 and Fig. 2-5B (ii); lane 1, 
respectively). The level of Na-PI polypeptides in transgenic tobacco varied about 5-fold 
from 0.06 to 0.28% (lines #6 and #24, respectively) of total soluble protein (TSP). 
Except for line #4 and #21, high levels of Na-PI polypeptides correlated with high levels 
of Na-PI mRNA (compare Fig. 2-4 and Fig. 2-5). Total soluble protein from line #13 
was loaded on both gels to enable comparison between all samples on the two western 
blots. Western blotting also showed the presence of a non-specific protein (Mr~ 12 000) 
above the Na-PI-specific band (particularly evident in Fig. 2-5B(ii)). This band co-
migrated exactly with the small subunit of Rubisco in the leaf proteins and its presence 
on western blots was probably due to a non-specific antibody binding, since it was also 
seen in untransformed controls. 
Accumulation of Na-PI as a function of leaf-age 
Leaves of increasing age were harvested from a TO tobacco plant line #24 which was ~ 35 
cm tall, with fully expanded leaves, and was pre-flowering. Total soluble protein was 
separated by SDS-PAGE (Fig. 2-6A) and evaluated for the presence of Na-PI specific 
polypeptides (Fig. 2-6B). Na-PI accumulated to approximately 1.6% of TSP in the 
youngest leaf (Fig. 2-6B; leaf 1) and steadily decreased to 0.14% in mature leaves (Fig. 
2-6B; leaf 11). The amount of Na-PI shown by western blotting, was also quantified by 
densitometry and calculated per gm of fresh weight (Fig. 2-6C(i)). The rationale was 
that 100 µg of TSP represented different amounts of tissue from each leaf age because 
total protein per leaf reached a peak at about leaf six and then declined (Higgins and 
Spencer, 1991). When expressed on a fresh weight basis the level of Na-PI also 
declined steadily with increasing leaf age (Fig. 2-6C(i)). This trend was quite different 
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from the pattern of total leaf protein accumulation which rose to a maximum per unit 
fresh weight in leaf six and then declined with increasing leaf maturity (Fig. 2-6C(ii)). It 
appeared, therefore, that Na-PI was less stable than the bulk of leaf proteins. 
Distribution of Na-Pl in different tissues of transgenic tobacco 
A range of green and reproductive tissues were harvested from transgenic (line #24) and 
untransformed tobacco which were at equivalent developmental stages . Equal amounts 
of total soluble protein (100 µg) were fractionated by SDS-PAGE (Fig. 2-7 A(i) and 
B(i)) and Na-PI levels estimated by immunoblotting (Fig. 2-7 A(ii) and B(ii)) and on a 
fresh weight basis (Fig. 2-7 A(iii) and B(iii)). 
Na-PI-related polypeptides were detected in young and mature leaves (equivalent to leaf 
two and six, respectively, in Fig. 2-6B) of transgenic plants (Fig. 2-7 A(ii)) . There 
appeared to be an endogenous PI in mature leaves and stems of untransformed tobacco 
which cross-reacted with the Na-PI antibody. Despite this cross-reactivity, expression of 
peptides with Na-PI specificity was elevated in stems and petioles of transformed 
tobacco and was due to the presence of the transgene (Fig. 2-7 A(ii)). Na-PI 
accumulation was also calculated on a fresh weight basis (Fig. 2-7 A(iii) and B(iii)). In 
agreement with the results presented in Fig. 2-6, young leaves from transgenic plants 
contained more Na-PI per unit protein than mature leaves. Furthermore, in young or 
mature leaves, there was a 30-fold or 12-fold increase in Na-PI, over and above the 
presence of any endogenous, cross-reacting PI. On a fresh weight basis, the level of Na-
PI in stems and petioles of transformed plants was only about a fifth of the amount which 
accumulated in mature leaves from these plants (Fig. 2-7 A(iii)). 
The sepals, pods and petals of both untransformed and transgenic tobacco contained 
peptides which reacted with the Na-PI antibody (Fig. 2-7B(ii)). Therefore, it was 
difficult to detect any additional Na-PI due to expression of the transgene, over and 
above the endogenous PI. The same was true, when the levels of Na-PI in reproductive 
organs were calculated on a fresh weight basis (Fig. 2-7B(iii)). In sepals, green pods and 
petals of transgenic plants, the Na-PI level was marginally higher than the amount of an 
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endogenous protein found in untransformed tissues, although any difference was likely to 
be insignificant. No such peptides were detected in seeds of transgenic or untransformed 
plants. The amount of Na-PI (ng/mg fresh weight) in sepals, green pods and petals of 
transgenic plants was much lower than the amount which accumulated in leaves (both 
histograms are drawn to the same scale, allowing direct comparison). Consequently, the 
leaves of transgenic plants are of the most interest to this thesis, as the presence of the 
Na-PI transgene contributed up to a 30-fold increase in the level of proteinase inhibitors. 
Na-Pl was confined to the intracellular space in transgenic tobacco 
To determine if any Na-PI was localised extracellularly, intercellular fluid (IF) was 
extracted from leaves of TO transgenic tobacco line #24. Na-PI was detected by western 
blotting in the proteins of total leaf extracts, the intercellular fluid and extracts from the 
leaf which remained after IF extraction. On a fresh weight basis, the amount of Na-PI in 
the IF of transgenic leaves was negligible (Fig. 2-8), compared to the amount found in 
whole leaves or the remaining leaf, indicating that Na-PI was not secreted from the cell. 
Inheritance of na-pi and bar genes in T1 and T2 progeny in transgenic tobacco 
62% and 72% of T1 tobacco seedlings from lines #13 and #24 were resistant to 1 mg/ml 
of PPT, respectively. An examination of PPT-tolerant and PPT-sensitive plants by 
northern analysis showed that only PPT-tolerant plants contained Na-PI mRNA. 
Furthermore, T1 tobacco seedlings showed a two-fold range of Na-PI mRNA levels (Fig. 
2-9T1(i)). Tobacco lines #13.2 and #24.2 were estimated to contain twice the level as 
their siblings (after adjusting for differences in RNA loading). These lines were self-
pollinated, and seeds were collected and germinated to generate T2 plants. Na-PI mRNA 
accumulation was variable in the progeny from line #13.2 (Fig. 2-9 Ti(i)) and it was clear 
that this line was heterozygous. In contrast, the level of Na-PI mRNA in the T2 tobacco 
seedlings derived from #24.2 were equal to each other (Fig. 2-9 T 2(i)) and about double 
the level of their TO parent (not shown). In addition, all T 2 progeny of line #24.2 were 
resistant to PPT. Furthermore, when T 2 progeny from line #24 were analysed for the 
presence of Na-PI polypeptides, the level of Na-PI was uniform (data not shown), so, 
taken together, line #24.2 appeared to be homozygous. 
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Fig. 2-5 Western blot analysis of transgenic tobacco containing chimeric Na-PI gene. 
(A) (i) and (ii) Fractionation by SDS-PAGE of 100 µg total soluble protein from transformed tobacco 
lines #2-#25 as indicated by the number above the track. Untransformed plants are indicated by U 
and PI signifies 200 ng of purified Na-PI that had been spiked into 100 µg of total soluble protein 
from an untransformed control. The gels were stained with Coomassie Brilliant Blue. The size of the 
molecular weight markers CMr 10-3) are indicated on the right hand side of the gels. (B ) Immunoblot 
probed with anti-Na-PI antiserum and detected by a secondary alkaline phosphatase-coupled antibody . 
Plant numbers are indicated above the blot. In leaves of transgenic tobacco the Na-PI precursor was 
cleaved into peptides of Mr ~6000. No Na-PI peptide was present in untransformed controls. The 
highest expressing lines were #13 and #24. 
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Fig. 2-6 Detection of Na-PI in a leaf-age series of transgenic tobacco 
(A) SDS-PAGE of 100 µg total soluble protein from a leaf-age series of transgenic tobacco. Lane 1 
contains protein from a newly opened leaf while 11 is frmn a 1nature senescing leaf. Relative 
molecular mass (Mrl0-3) is on the right hand side of the gel. (B) Iimnunoblot of (A); the 
nitrocellulose membrane was immunoreacted with a Na-PI-specific antibody. Na-PI is indicated by 
the arrow. (C) (i)Quantity of Na-PI on fresh weight (ii) Quantity of Na-PI on fresh weight basis (o-o) 
and total protein yield (•-• ), both relative to leaf age. Na-PI accmnulation decreased with 
increasing leaf age. 
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Fig. 2-7 Distribution of Na-PI in different tissues of T0 transgenic tobacco, line #24 
(A)(i) and (B)(i) total soluble proteins from different tissues of transgenic (T) and 
untransformed (U) tobacco fractionated by SDS-PAGE. The organ from which the 
protein originated is indicated above the track. All lanes contained 100 µg of protein. 
Lanes labelled PI each contained 250 ng of purified Na-PI and the size of the molecular 
weight markers are indicated on the right hand side of the gels (Mr 1 o-3). A(ii) and B(ii) 
are western blots of the gels in (i), probed with anti-Na-PI antiserum and detected by a 
secondary alkaline phosphatase-coupled antibody. In A(iii) and B(iii), Na-PI is 
expressed in ng per mg fresh weight for each of the tissues in A(ii) and B(ii). Leaves of 
transgenic tobacco accumulated greater levels of Na-PI than other green tissues. Na-PI 
was not detectable in seeds. 
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Fig. 2-8 Intracellular localisation of Na-PI in T0 transgenic tobacco line #24 
Quantification of Na-PI on a fresh weight basis. The extracts were labelled as follows: Total soluble 
protein from whole leaves (T), intercellular fluid (IF) or the remaining leaf after the intercellular fluid 
has been extracted (R). Na-PI was not secreted from the cell in the leaves of transgenic tobacco. 
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Fig. 2-9 Segregation of na-pi to T1 and T2 progeny in transgenic tobacco 
The labels T0, T1 and T2 on the left hand vertical axis are the primary transgenics, first and second 
generations respectively. (i) Na-PI rnRNA was detected by probing 5 µg of total RNA with a 
32P-
labelled Na-PI cDNA. (ii) The same blot was probed with 32P-labelled 18S ribosomal RNA to check for 
loading. The numbers above the track in T0 refer to the plant number and are the same as in Fig. 2-4 
and Fig. 2-5. Downward arrows show the individual plant that was selected for analysis in the next 
generation. Na-PI was inherited to the T2 generation. T 1 tobacco line #13.2 was heterozygous and line 
#24.2 was homozygous. 
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2.3.2.2 Pea 
Expression of Na-Pl specific mRNA in transgenic pea leaves 
Twelve transgenic plants from two pea transformation experiments were analysed by 
northern blotting (Fig. 2-10). When putative transformants arose from a single piece of 
callus they were numbered consecutively ( 4.1, 4.2 etc.) as it was unlikely they were 
individual transgenic events (Schroeder, H. et al., 1993). There was no cross-
hybridisation between the 32P-labelled Na-PI probe and untransformed pea RNA but all 
twelve transgenic lines contained mRNA specific for Na-PI (Fig. 2-lOA(i)). The same 
blots were probed with 18S rRNA to enable normalisation (Fig. 2-lOA(ii)). 
Quantification by densitometry (Fig. 2-1 OB) showed there was a twelve-fold variation of 
mRNA levels between the highest (#6 and #10) and the lowest (#8) expressing lines. 
The level of Na-PI mRNA in lines #6 and #10 was about half the amount which 
accumulated in TO tobacco line #24, which acted as a positive control ( + ). 
Plant line #10 contained the highest amount of the Mr ~6000 Na-PI peptides (0.1 % 
TSP), as determined by western blotting ( data not shown), therefore this line was chosen 
for analysis in subsequent generations. 
Segregation of Na-Pl to T1 and T2 progeny in transgenic pea 
Twenty T 1 pea seedlings from line #10 were tested for tolerance to 0.6 mg/ml of PPT 
and 15 seedlings were PPT-tolerant (75%). The observed segregation ratio of PPT-
tolerant to PPT-sensitive T 1 seedlings was 3: 1, providing evidence for transmission of 
the bar gene to subsequent generations as a dominant trait in these lines. As observed in 
tobacco, only plants resistant to PPT contained Na-PI mRNA, which indicated that the 
bar and na-pi genes were both active in these lines. The pea T 1 seedlings showed about 
a two-fold range of Na-PI mRNA levels (Fig. 2-11 T 1(i)). The pea line #10.4 which 
contained approximately twice the Na-PI mRNA level as its siblings (after adjusting for 
differences in RNA loading), was tested for homozygosity in the T 2 generation. In the 
T2 seedlings derived from line #10.4, there was a uniformly high level of Na-PI mRNA 
(Fig. 2-11 Ti(i)). Likewise, all T2 progeny of line #10.4 were resistant to PPT 
confirming that plants originating from this line were homozygous at the T-DNA locus 
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for the bar and na-pi genes. The level of Na-PI peptides in T2 seedlings was 
approximately equal as well as being nearly double the amount found in the parent plant 
(data not shown). 
2.3.2.3 Subterranean clover 
Expression of Na-Pl specific mRNA and peptides in transgenic subclover leaves 
Northern analysis was used to detect Na-PI mRNA. The leaves from all lines of T 0 
transgenic subclover analysed contained a mRNA species which hybridised to the Na-PI 
probe that was not present in untransformed plants (data not shown). The level of Na-PI 
polypeptides in transgenic subclover leaves varied about 8-fold from 0.025% to 0.2% of 
TSP ( data not shown). Lines #4 and #6 were selected for analysis in T 1 and T 2 
generations. 
Segregation of Na-Pl to T1 and T2 progeny in transgenic subclover 
TO lines #4 and #6 were grown on to the T 1 generation. As for tobacco and pea, the 
observed ratios of PPT-tolerant to PPT-sensitive seedlings was close to the 3: 1 
segregation ratio expected for a dominant gene. 
Only the PPT-tolerant plants were maintained in the glasshouse and analysed by northern 
blotting. On the basis of northern analysis (Fig. 2-12(i)), the two lines #4.1 and #6.1 
were propagated to the second generation. All T 2 seedlings derived from these lines 
were tolerant to PPT and contained equal amounts of Na-PI mRNA (Fig. 2-12 T i(i)). In 
addition, Mr ~6000 Na-PI peptides accumulated in T 2 transgenic subclover seedlings, 
and the amount of Na-PI peptides correlated well with mRNA quantification (data not 
shown). On the basis of this evidence, it appeared the T 1 lines # 4.1 and #6.1 were 
homozygous with respect to the transgene. 
2.3.2.4 Interspecific comparison of levels of Na-PI 
Total soluble protein extracts from the two highest expressing lines of transgenic 
tobacco, pea and subclover were separated by SDS-PAGE, and the level of Na-PI was 
determined by protein blot analysis. The western blot was repeated a total of three 
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times, using different extracts from young leaves of different T 2 plants and the western 
blot from one representative experiment is shown (Fig. 2-13A). Polypeptides of Mr 
~6000 were detected in transgenic tobacco leaves but were absent in leaves from 
untransformed controls. Estimates of the level of Na-PI were made by comparison with 
200 ng of Na-PI purified from stigmas and averaged for all the three experiments (Fig. 2-
13B ). The average level of Na-PI polypeptides in transgenic tobacco was estimated to 
be ~ 0.38% of TSP for tobacco lines, 0.08% for pea lines and 0.09% for subterranean 
clover, respectively. 
The possibility that the lower levels of Na-PI in pea and subclover were due to other 
proteins in the leaf extracts masking Na-PI and thus reducing its detectability on a 
western blot was explored, but ruled out by a simple experiment. An equal amount of 
purified Na-PI from stigmas was spiked into a soluble protein extract from 
untransformed tobacco, pea and subclover, separated by SDS-PAGE and 
immunoblotted. The level of Na-PI in each extract was quantified by densitometry and 
found to be within 10% of each other (data not shown). 
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Fig. 2-10 Northern blot analysis of RNA from transgenic peas (T0) containing Na-PI 
+ 10 11 12 
I 
I 
(A) Fluorograph of two gels - each from separate transformation experiments. Each track contains 5 µg total RNA from transgenic pea lines (#1-#12) and untransformed 
control (U). '+' represents RNA frmn To tobacco line #24, which acted as a positive control. The number above the track represents an individual transgenic event (unless 
otherwise stated). (i) Na-PI mRNA was detected by probing with a 32P-labelled Na-PI cDNA and is arrowed. (ii) The same blot was probed with 
32P-labelled 18S ribosomal 
RNA to check for loading. (B) Quantification of the data presented in (A). The bars are Na-PI counts from the fluorograph in A(i) normalised to the 18S rRNA counts 
presented in A(ii). Na-PI mRNA was expressed in the leaves of transgenic pea. The highest expressors are lines #4.2, #6 and #10. 
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Fig. 2-11 Segregation of the na-pi gene to T1 and T2 progeny in transgenic peas 
The labels T0, T1 and T2 on the left hand vertical axis are the primary transgenics, first and second 
generations respectively. (i) Na-PI mRNA was detected by probing with a 32P-labelled Na-PI cDNA. (ii) 
The same blot was probed with 32P-labelled 18S ribosomal RNA to check for loading. (iii) Detection of 
Na-PI polypeptides in the same plants as in (i) and (ii) . Only T0 plant #10 was grown on for segregation 
analysis . Downward arrows initiate at the individual plant that was selected for analysis in the next 
generation. The na-pi gene was inheiited and expressed in T2 progeny. Pea line #10 .2 appeared to be 
heterozygous and line #10.4 was homozygous. 
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Fig. 2-12 Segregation of the na-pi gene to T1 and T2 progeny in transgenic subclover 
Pri1nary transgenics, first and second generations are represented by the labels T0, T1 and T2 
respectively. (i) Na-PI mRNA was detected by probing 5 µg of total RNA with a 32P-labelled Na-PI 
cDNA. (ii) The same blot was probed with 32P-labelled 18S ribos01nal RNA to check for loading. 
Only progeny fr01n T0 plants #4 and #6 were analysed. Downward arrows show the individual plant 
that was selected for analysis in the next generation. Two lines , #4.1 and #6.1 were h01nozygous at 
the Na-PI locus. 
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Fig. 2-13 Interspecific comparison of Na-PI expression levels in T2 transgenic plants 
(A) Protein (100 µg) from leaves of transgenic plants was fractionated by SDS-PAGE, and blotted 
onto nitrocellulose, probed with anti-Na-PI antiserum and detected by a secondary alkaline 
phosphatase-coupled antibody. The numbers above the track refer to the T0 line from which T2 plants 
were derived and U contains protein from an untransformed control of each plant species. One track 
contained 200 ng of purified Na-PI spiked into 100 µg of protein from an untransformed control. (B) 
Histogram of level of Na-PI peptides as a percentage of total soluble protein (TSP), estimated from the 
average of three experiments. The level of Mr ~6000 Na-PI peptides was higher in the leaves of 
transgenic tobacco, than in pea or subclover. 
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Analysis of thionin transcripts and peptides in transgenic 
tobacco 
Expression of P-hordothionin specific mRNA in transgenic tobacco leaves 
Tobacco plants transformed with the gene encoding P-HTH from barley endosperm were 
assessed for the presence of P-HTH mRNA. Initial screening showed that only five out 
of 12 putative transformants contained detectable levels of P-HTH mRNA and results 
from analysis of these five plants are shown in Fig. 2-14A. RNA loading differences 
were normalised by probing the same blot with 18S rRNA (Fig. 2-14A(ii)) and quantified 
by densitometry ( data not shown). Plant #1 had the highest level of mRNA, so progeny 
of this line were further analysed. The 
32P-labelled P-HTH DNA probe did not hybridise 
to RNA from an untransformed control. 
Western blot analysis of T0 transgenic tobacco containing P-HTH 
Total soluble proteins from TO transgenic tobacco which had been through a thionin 
enrichment step as described in section 2.2.5, were fractionated with P-purothionin CP-
PTH) from wheat (Fig. 2-14B). An extract from transgenic plants contained a Mr~ 7000 
polypeptide which co-migrated with P-PTH. This indicated P-HTH was cleaved in the 
leaves of transgenic tobacco as mature P-hordothionin had been shown previously to co-
migrate with mature P-purothionin (Castagnaro et al., 1994 ). Four transgenic lines were 
assayed by western blot analysis (Fig. 2-14C) to confirm that the Mr ~ 7000 polypeptide 
was thionin-specific. A polypeptide of Mr ~8 500 ( arrowed) was detected in all four 
transgenic tobacco lines but not in the untransformed control. The larger proteins (Mr~ 
40 000 and ~ 32 000) which cross-reacted with the antibody were likely to be non-
specific as these were also detected in untransformed controls. Purified P-HTH from 
barley endosperm was not available, so the level of P-HTH in transgenic tobacco leaves 
was not quantified. 
Segregation of P-HTH in T1 and T2 progeny of transgenic tobacco 
Seventy percent of T 1 tobacco seedlings containing P-HTH derived from line #1 were 
resistant to 1 mg/ml of PPT. The observed segregation ratio of PPT-tolerant to PPT-
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sensitive seedlings was close to the expected 3: 1 ratio, and given the small sample size (n 
= 30), it appeared that the bar gene was inherited by T 1 plants as a dominant Mendelian 
trait. Northern blot analysis revealed that only PPT-tolerant plants contained P-HTH 
rnRNA, confirming that the T-DNA construct consisting of the bar and P-hth genes were 
both expressed from a single locus in the tobacco genome. Tobacco line #1.3 which 
contained more P-HTH mRNA than its siblings (after adjusting for differences in RNA 
loading), was taken through to the T 2 generation. P-HTH mRNA accumulation was 
variable in the five tested progeny from this line (Fig. 2-1 ST 2 (i)) although, as all 30 T 2 
seedlings screened were resistant to PPT, each plant probably contained P-HTH mRNA 
(because both bar and P-hth genes segregated as a single unit) . Therefore homozygosity 
was assumed for the transgenic locus but with variable levels of ~-HTH expression. One 
explanation is that the original transf ormant may have had more than one copy of the 
transgene or alternatively, as for na-pi, the different age of the leaves sampled for RNA 
isolations may be the reason for this variation. 
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Fig. 2-14 Northern and western analysis of tobacco transformed with ~-hordothionin 
(A) Total RNA (5 µg per lane) was fractionated by electrophoresis, blotted onto nitrocellulose and 
mRNA was detected by fluorography after probing with (i) 32P-labelled ~-HTH cDNA or (ii) a 32P-
labelled 18S ribosomal RNA gene fragment. The nmnbers above the track contain RNA from 
individual transformed tobacco plants and U contains RNA from an untransformed control. (B) 
Fractionation by SDS-PAGE of 15 µg of leaf extracts fr01n transgenic tobacco lines #1 and #4, which 
had been enriched for thionins. + signifies ~ 130 ng of purified ~-purothionin fr01n wheat which acted 
as a positive control. The gel was stained in SYPRO™ red protein gel stain. The size of the 
molecular weight markers CMr 1 o-3) are indicated on the right hand side of the gel and are also shown 
as there was s01ne distortion. (C). Immunoblot of thionins extracted from transgenic plants and 
probed with anti-~-purothionin. Plant nmnbers are indicated above the blot. In leaves of transgenic 
tobacco the ~-hordothionin precursor was cleaved into peptides of Mr ~8500. No ~-hordothionin was 
present in untransformed controls. 
2-69 
To 1 
T1 
1.1 1.2 1.3 
(i) 
(ii) 
T2 1 2 3 4 5 
(i) 
(ii) 
1.3 
Fig. 2-15 Segregation of ~-hordothionin gene to T1 and T2 progeny in transgenic tobacco by 
northern blotting 
T0, T 1 and T2 on the left hand vertical axis refer to the primary transformants , first and second 
generations, respectively. Only progeny from T0 line #1 were analysed by northern blotting. (i) 
fluorograph of an RNA blot probed with ~-hordothionin cDNA and (ii) the same blot probed with 18S 
rRNA to check for RNA loading. The downward arrows initiate at the individual plant that was 
selected for analysis in the next generation. ~-HTH mRNA was inherited to the T2 generation. The 
line #1.3 was homozygous with respect to the transgene as all T2 progeny were tolerant to PPT. 
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2.3.4 Analysis of double transf ormants 
Selecting F1 individuals containing both na-pi and ~-hth genes 
After cross-pollinating To Na-PI line #24 and To ~-HTH line #1, F1 seedlings were 
assessed by northern analysis for the presence of both Na-PI and ~-HTH by hybridisation 
in a mixture of the two radiolabelled probes. In F1 plants, na-pi (abbreviated 'P') and ~-
hth ('T') would segregate independently, to give, in equal proportions, the following 
four genotypes: TP, Tp, tP and tp (see Fig. 2-16 for summary). Two lines (#4 and #5) 
contained mRNA which hybridised to both the 1.4 kb Na-PI probe and the 1 kb ~-HTH 
probe (Fig. 2-17(i)). The same blot was stripped and re-probed with 18S rRNA to 
ensure RNA loading was uniform, the results of which are shown in Fig. 2-l 7(ii). 
Subsequently, F1 line #5, (the genotype of which was TP), was self-fertilised and 
progeny from the F2 generation were analysed. 
Selecting F2 individuals homozygous for na-pi and ~-hth 
Two out of the 30 F2 progeny derived from line #5 contained nearly twice the amount of 
both Na-PI mRNA and ~-HTH mRNA as their siblings (Fig. 2-18; A(i) #8 and A(ii) 
#18). All three blots were probed with radiolabelled 18S rRNA to permit 
correction for variations in RNA loading and transfer (Fig. 2-18; lower blot). In the F2 
generation, alleles of na-pi ('P') should segregate independantly from the alleles of ~-hth 
('T'). As plant line #5, was shown to contain both defence genes, each gene will have 
one dominant allele and one recessive allele. Therefore, the correct genotype for the 
heterozygous F1 plant is TtPp. Crossing ( or self-fertilising) this heterozygous individual 
produces the F2 generation with the expected 9:3:3: 1 ratio of phenotypes (cited in Raven 
and Johnson, 1989). Nine out of the total of 16 plants represent the proportion of F2 
progeny that will show the two dominant characteristics, 1/16 will show the two 
recessive characteristics and 3/16 (x2) will show the two alternative combinations of 
dominants and recessives (Fig. 2-16). 
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To Tt X Pp 
F1 TP Tp tP pt 
~ 
F2 TtPp (selfed) 
~ 1P Tp tP tp 
TP TIPP TIPp TtPP TtPp 
TP: T p 
Tp TIPp TTpp TtPp Ttpp 
9 : 3 3 1 
tP TtPP TtPp ttPP ttPp 
tp TtPp Ttpp ttPp ttpp 
Fig. 2-16 Segregation of na-pi (P) and ~-hth (T). 
T0 primary transgenics containing either Na-PI or ~-HTH were cross-fertilised to produce four 
phenotypes of F1 progeny. A plant containing both genes (TP) was selfed. As the two genes would 
segregate independently, the genotypes of the T2 progeny will , on average, be in the ratio of 9:3 :3: 1. 
If the hemizygotes are not considered, taken simply, four F2 RNA genotypes: TP, T_, 
_p and __ were expected. Assuming that the expected ratio of the F2 phenotypes is 
9:3 :3: 1, a x2 test will test the hypothesis that the expected ratio is not significantly 
different to the observed ratio. A summary of the RNA genotypes of the 30 seedlings is 
given below (Table 2-1). 
Table 2-1 Segregation ratio of F 2 progeny derived from Na-PI/~-HTH line #5 
RNA GENOTYPE TP T p - - --
Ex~ected (E) proportion* 16.9 5.6 5.6 1.9 
Observed (0) proportion 15.0 9.0 6.0 0 
IE-01 1.9 3.4 0.4 1.9 
IE-012 3.6 11.56 0.16 3.61 
IE-012/E 0.21 2.06 0.03 1.9 
*proportion of 30, calculated from the expected ratio 9:3:3: 1. 
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The value calculated for X2 = I:IE-012/E = 4.2; (P < 0.15). With 3 degrees of freedom, 
the possibility that this result occurred by chance alone was about 15 % . This means that 
the observed values do not differ significantly from the expected values and therefore na-
pi and ~-hth segregated in a Mendelian fashion. 
F3 plants have both na-pi and ~-hth 
Northern blot analysis was used to screen F3 seedlings derived from F2 line #5 .17, four 
of which are shown in Fig. 2-18B(i). All F3 plants accumulated Na-PI mRNA and ~-
HTH mRNA at a level which was approximately the same as in the F2 line #5 .17. The 
level of Na-PI in F3 seedlings was estimated, on average, to be 0.5% of the TSP. 
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Fig. 2-17 Selection of transgenic tobacco containing both ~-HTH and Na-PI, by northern 
analysis 
(i) Fluorograph of a gel containing 5 µg (per track) total RNA from primary transgenic tobacco lines 
~-HTH-#1 and Na-PI-#24 and F1 lines (#1-6) and untransformed control (U). ~-HTH and Na-PI 
1nRNA were detected by probing with 32P-labelled cDNA. (ii) The same blot was probed with 
32P-
labelled 18S ribosomal RNA to check for loading. The two F1 lines #4 and #5 contained both Na-PI 
and ~-HTH mRNA. 
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Fig. 2-18 Selection of homozygous F2 transgenic tobacco containing both ~-HTH and Na-PI 
(A) Fluorograph of a gels containing 5 µg (per track) total RNA from 30 transgenic tobacco derived 
from F1 line #5 (which contains both ~-HTH and Na-PI mRNA - see Fig. 2-17). Nmnbers above the 
track refer to individual F2 seedlings. ~-HTH and Na-PI mRNA were detected by probing with 
32P-
labelled cDNA, followed by 32P-labelled 18S ribosomal RNA (underneath). Vertical arrows above line 
#8 and #17 indicate plants that appear to be homozygous for both genes. (B) (i) Detection of ~-HTH 
and Na-PI mRNA in four F3 seedlings derived from T2 line #17. (ii) Same blot in (i) probed with 
32P-
labelled 18S ribosomal RNA. The na-pi and ~-hth genes segregated as expected (see Table 2-2). F3 
progeny derived from F2 line #17 contained Na-PI and ~-HTH mRNA indicating this line was 
homozygous for both genes. 
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2.4 Discussion 
2.4.1 Na-PI and J3-HTH were detected in transgenic plants 
2.4.1.1 Plant transformation 
A cDNA for the proteinase inhibitor from N. alata or a P-hordothionin from barley was 
transformed into tobacco under the control of a promoter from a Rubisco small subunit 
gene. In addition, Na-PI was transferred into pea and subterranean clover. The bar 
gene was used as a selectable marker in all transformation experiments. This is the first 
report of the transfer of a PI gene into either grain or pasture legumes. 
Tobacco was easily transformed, but much lower transformation frequencies were 
observed for pea and subclover; for example, only 1.2 % of pea explants gave rise to 
transformants. However, this was not significantly different from transformation 
frequencies of 1.5-2.5% reported for the pea cultivars Rhonda and Greenfeast 
(Schroeder H. et al., 1993). The transformation efficiency for subclover (1.8%), was 
comparable and within the range achieved by Khan et al., (1994). More recent 
experiments have demonstrated it is possible to achieve transformation efficiencies of up 
to 4%, if glucose (10 mM) and acetosyringone (20 mM) are included in the co-
cultivation medium (Khan et al., 1994). 
In all three species transformed with na-pi, physiological characters such as plant 
appearance, development time and fertility in the glasshouse remained unaffected by the 
integration of the na-pi gene into the genome. 
Despite the possible toxic effects of thionins, transgenic tobacco plants containing P-
HTH were phenotypically indistinguishable from untransformed tobacco plants. Fertility 
was unaffected although some primary transgenic plants were delayed in their 
development in the glasshouse. This could, however, be attributed to growth in tissue 
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culture as T 1 and T 2 propagated from seed, in most cases, grew as quickly as 
untransformed controls. 
These observations provided evidence that the presence of either na-pi or ~-hth did not 
disrupt important physiological traits or modify fundamental plant function. This is an 
important criterion in assessing the usefulness of a gene in crop plants, as it would be 
disadvantageous if an inserted gene caused deleterious effects on plant height, yield or 
development time. 
2.4.1.2 Factors governing mRNA variability 
mRNA variability within a plant species 
The presence of a single mRNA transcript specific for either Na-PI or ~-HTH indicated 
that transcription and stable accumulation occurred in the leaves of transgenic plants. 
There was up to a 12-fold variation of Na-PI mRNA levels amongst the independent T0 
transformed lines of tobacco, pea and subclover (Figs. 2-4, 2-10 and 2-12) and up to a 3-
fold variation of ~-IiTH mRNA amongst the five tobacco transformants tested (Fig. 2-
14). 
Variation in levels of transgene products has been observed in nearly all plant systems 
containing foreign genes (Willmitzer, 1988). The difference in transcript accumulation is 
not understood, but there are a number of possible ways in which the mRNA levels could 
vary. Firstly, the level of mRNA may depend on the number of copies of the T-DNA 
that were integrated into the genome. Zambryski (1988) found that on average, 
Agrobacterium transferred three copies of the T-DNA into various plant species. There 
must be other factors governing mRNA variability because in most cases there is no gene 
copy number relationship, and, in fact high gene copy number has been correlated with 
both high expression levels (Higgins et al., 1988), or lowered expression levels (Hobbs et 
al., 1990; Linn et al., 1990). 
A second reason as to why mRNA accumulation varies in independent transformants , is 
that the position of gene insertio~~:in the genome may affect its performance. One ,. 
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consequence of this so called 'position effect' is that the chromosomal sequences 
flanking the T-DNA at the insertion site will influence transcription (Jones et al., 1987). 
mRNA variability between plant species 
As well as detecting Na-PI mRNA variation within a single species, there appeared to be 
variation between the three plant species. For the small number of primary transformants 
analysed here, tobacco contained a higher level of Na-PI mRNA (Fig. 2-4), on average, 
than the level found in either transgenic pea (Fig. 2-10) or subclover ( data not shown). 
There are a number of reasons why Na-PI accumulation appeared to be the highest in 
tobacco. 
First, the transcription of Na-PI in N. tabacum may have been more efficient as the na-pi 
gene originated from the closely related species, N. alata. In pea and subclover, both 
species are unrelated to N. alata and belong to an entirely different family. Furthermore, 
mRNA may have been more stable in tobacco, compared to pea or subclover with the 
result being greater accumulation of Na-PI mRNA in tobacco. 
Another explanation is that the Arabidopsis small subunit of Rubisco (ASSU) promoter 
may perform differently in the three plant species, leading to differences in mRNA 
accumulation, in a way that has been reported for the Cauliflower Mosaic Virus 35S 
(CaMV 35S) promoter (Tabe et al., 1995). The mRNA for sunflower albumin (SSA) 
driven by the CaMV 35S promoter accumulated to high levels in tobacco, yet when the 
same chimeric gene was transferred to lucerne (alfalfa), the average level of mRNA was 
less than a quarter of that seen, on average, in tobacco. In this case, higher levels of SSA 
mRNA were achieved only by replacing CaMV 35S with ASSU (Tabe et al., 1995), 
providing evidence that a promoter may be preferentially expressed according to the host 
cell type. This demonstrated a single constitutive promoter may not be suited for high 
expression of a transgene in every plant species, so perhaps the levels Na-PI mRNA 
could be further augmented in pea and subclover under the transcriptional control of a 
constitutive promoter, other than ASSU. 
2-79 
Chapter 2: Plant transformation 
Finally, at least for subclover and pea, it is possible that too few primary transformants 
were screened, thereby reducing the potential for selecting an individual with high Na-PI 
mRNA. To substantiate the claim that Na-PI mRNA accumulates to higher levels in 
tobacco, than in legumes, further work is required. For example, the average level of 
Na-PI mRNA would have to be estimated from at least 20 transformants of each species. 
2.4.1.3 Variability of polypeptide levels and correlation with mRNA. 
Detection of Na-Pl in transgenic plants 
Not surprisingly, the amounts of Na-PI polypeptides detected varied between individual 
transformants. In TO tobacco, the variation in polypeptide level generally correlated with 
the variation in mRNA levels, for example plant lines #2, #5, #13 and #24 had the 
highest levels of mRNA and correspondingly high levels of the Mr ~6000 Na-PI 
polypeptides. However, there appeared to be some exceptions. For instance, lines #4 
and #21 contained low levels of Na-PI mRNA yet a higher than expected amount of Na-
PI polypeptide. This turned out to be an artefact of sampling leaves of slightly different 
age. 
In the analysis of primary transformants, the vegetative clones of each line used in 
northern and western analysis were grown at separate times. This complicated the 
interpretation of these data because environmental factors are now known to come into 
play. At the time of these analyses, very little was known about the expression of na-pi 
under the control of ASSU, especially in relation to developmental time and light 
conditions, and the effects that these factors have on Na-PI accumulation. For example, 
it is now known that the level of Na-PI accumulation decreases with increasing leaf age 
(Fig. 2-6). It is possible the ref ore, that the leaves from plants #4 or #21, harvested for 
western analysis were slightly younger, than those leaves harvested for northern analysis. 
Once the age-specific expression of Na-PI was recognised, great care was taken in 
subsequent experiments to harvest leaves of a predetermined age and size from plants of 
a known developmental age, and where appropriate, the leaf was cut longitudinally into 
two pieces - half being used for northern analysis and the remaining half for western 
analysis. Consequently, in all later experiments (that is, other than the analysis of 
2-80 
Chapter 2: Plant trans/ ormation 
pnmary transformants), there was a consistent, positive correlation between mRNA 
levels and protein levels (data not shown). 
~ ,,.,,- s''·-f?::1 .,.,~~~,~. -~ . . ~ ",.,,.._ "' ,,..,. ~- '.,..,. 
The level of Na-PI in To transgenic tobacco, pea and subclover was 0.28%, 0.1 % and 
0.2 %, respectively and was comparable to the levels of potato proteinase inhibitor II 
(pin2) observed in transgenic tobacco (McManus et al., 1994; Jongsma et al., 1995). 
However, higher levels of Pls have been attained in transgenic rice. For example, when a 
pin2 gene was controlled by its own wound-inducible promoter, together with the first 
intron of the rice actin 1 (Act]) gene, the protein accumulated about 2% of total soluble 
protein in transgenic rice (Duan et al., 1996). Similarly, cowpea trypsin inhibitor, driven 
by a constitutive promoter from Actl, led to high level accumulation ( ~ 2.7%) in rice (Xu 
et al., 1996). In light of these recent findings, it is possible that transcription and, 
ultimately, the level of Na-PI in transgenic plants could be increased by replacing ASSU 
with a stronger constitutive promoter, or the double CaMV 35S promoter (Bekkaoui et 
al., 1990). Alternatively, inserting an enhancer region between the ASSU promoter and 
the Na-PI cDNA coding region, such as the Kozac-consensus sequence, which is thought 
to enhance translation (Kozac, 1989), could increase the accumulation of Na-PI in 
transgenic plants . 
Detection of ~-HTH in transgenic tobacco 
~-HTH peptides not detectable in total protein extracts from the leaves of transgenic 
tobacco plants, were identified only if the protein extract was enriched for thionins by 
ethanol precipitation (Fig. 2-14B). Low level accumulation in total protein extracts was 
also reported by Carmona et al., (1993a; 1993b) and Florack et al., (1994). In the 
analysis of the four tobacco transformants (Fig. 2-14), it appeared that the ~-HTH 
mRNA level did not always correlate with the level of ~-HTH protein. Differences in 
protein loading were not accounted for and it is possible that western blotting did not 
give a fair estimate of the protein present. Florack et al., (1994) also commented that 
the level of a-HTH mRNA was not consistent with the expected level of ~-HTH protein 
in their transgenic tobacco. At this stage, there is not enough evidence to correlate 
thionin mRNA with thionin protein. Further investigation is needed and the answer 
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could lie in an extensive study of the level of ~-HTH mRNA and protein in at least 20 
independent transformants. 
It was not possible to estimate the levels of thionin in the transgenic plants, as ~-HTH 
purified from barley endosperm was not available. In other studies, most tobacco plants 
transformed with a-HTH accumulated peptides to levels of 0.01-0.03% TSP, although 
plants with a-HTH levels between 0.1 % and 0.7% TSP have been produced (Florack et 
al., 1994). To achieve this higher level of ~-HTH, tobacco was transformed with 
constructs which had been altered in codon usage, in favour of solanaceous crops and all 
had a modified CaMV 35S promoter containing a doubled enhancer sequence and the 
nos terminator sequence (Florack et al., 1994 ). Carmona et al. (1993b) estimated that 
their transgenic tobacco accumulated ~0.3% a-HTH of TSP, i.e., within the range 
observed by Florack et al., (1994). The amount of ~-HTH in the leaves of transformed 
tobacco, produced in this study, needs to be estimated by comparison with a known 
amount of ~-HTH, purified from barley. 
2.4.2 Cleavage of the Na-PI and P-HTH precursors 
The 40.3 kDa Na-PI precursor was apparently cleaved correctly in leaves of transgenic 
plants because only polypeptides of the expected size (Mr ~6000) were detected. Heath 
et al., (1995) showed that there are six repeated linker regions containing aspartate, 
asparagine, glutamate and lysine residues in the Na-PI precursor which correspond to the 
sites where the protein is cleaved by an endoproteinase in the stigmas of ornamental 
tobacco (Fig. 1-1). The protease-sensitive sequence, EEKKND, that links the 6 kDa 
peptide domains has not been described in any other plant protein precursor. Cleavage in 
this linker region probably occurs between the asparagine (N) and aspartate (D) residues 
by an endoproteinase which cleaves on the carboxyl side of asparagine or the amino side 
of aspartate (Heath et al., 1995). Following the initial cleavage of the Na-PI precursor 
into five homologous Pis, a non-specific amino- and carboxypeptidase completely 
removes the five amino acids EEKKN between the C-terminus of one peptide and the N-
terminus of the next one (Heath et al., 1995). Processing is not always precise, so an 
additional amino acid may be removed from the N- and/or C- termini to generate 
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"ragged ends". In this way, each proteinase inhibitor may be present as up to four 
truncated isoforms which do not differ in anti-tryptic or anti-chymotryptic activity (Heath 
et al., 1995). 
Cleavage of Na-PI in transgenic plants indicated that leaves have an enzyme which 
recognised the cleavage site in the Na-PI precursor. In support of this claim, asparagine-
specific endoproteinases appear to be widespread in the plant kingdom but most of those 
so far characterised are from seeds and are predominantly localised in the vacuole (Boller 
and Wiemken, 1987). One example is the asparagine-specific endoproteinase from 
soybeans, which is thought to be responsible for cleavage of glycinin (Scott et al., 1992). 
Another is a vacuolar protease from castor bean seeds which processed three different 
proproteins on the carboxyl side of an asparagine residue (Hara-Nishimura et al., 1991). 
Tobacco leaves are also likely to contain asparagine-specific endoproteinases as in the 
leaves of transgenic plants, foreign proproteins were shown to be cleaved. For example, 
proteinase inhibitors I and II ( originally from tomato leaves) were cleaved in the leaves 
of transgenic tobacco (Johnson et al., 1989), demonstrating the intergeneric conservation 
of endoproteinases. These Pis required removal of pre- and pro-sequences from 
inhibitor (Graham et al., 1985a) and removal of a pre- sequence from inhibitor II 
(Graham et al., 1985b). Further evidence for endoproteinase activity is that in the leaves 
of transgenic tobacco, a cysteine proteinase inhibitor from rice seeds was processed 
(Masoud et al., 1993), the vacuolar targeting signal from barley lectins was post-
translationally cleaved (Schroeder M. et al., 1993) and barley thionin precursors were 
processed (Carmona et al., 1993b; Florack et al., 1994). In the present study, the 
cleavage of the Na-PI precursor in pea and subclover implies the presence of 
endoproteinases that are related at an inter-fa1nily level. 
Although the size of the observed ~-HTH peptide was slightly larger (Mr ~ 8500) than 
that expected (Mr ~ 5000) from the deduced amino acid sequence, the ~-HTH is 
assumed to have been cleaved in the leaves of transgenic tobacco because it co-migrated 
with ~-purothionin purified from wheat. In an equivalent study in transgenic tobacco, 
the signal and acidic peptides of a-HTH, (which differs from ~-HTH, by only 13 amino 
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acids; Hernandez-Lucas et al., 1986) were correctly cleaved to yield the mature thionin, 
estimated by SDS-PAGE to be 5000 (Carmona et al., 1993b; Florack et al., 1994). 
Furthermore, a polypeptide of ~ 7000 in leaf extracts of transgenic tobacco co-migrated 
with purified wheat ~-purothionin, indicating cleavage of wheat P-purothionin in leaves 
(P. Hughes, pers. comm.). The size of both the purified P-purothionin and the co-
migrating protein in leaf extracts, was estimated by comparison to proteins of known 
molecular weight, and, interestingly, was higher than expected (P. Hughes; pers. comm.). 
One explanation as to why the Mr of P-HTH or P-PTH in transgenic tobacco plants both 
in my or P. Hughes' study, respectively, was larger than expected is that highly basic 
proteins, like thionins, tend to bind more SDS than non-basic proteins. This can 
significantly decrease their mobility in polyacrylamide gels (Lambin, 1978; Hames and 
Rickwood, 1990). An alternative, but unlikely explanation is that the acidic peptide was 
not post-translationally cleaved, however, if this was the true, then the size of the P-HTH 
observed by western blotting would be approximately Mr 13 000. In addition, without 
cleavage of the signal and acidic peptides, P-HTH would not be biologically active, yet 
antimicrobial activity of transgenic tobacco containing P-HTH was demonstrated in 
fungal and bacterial bioassays (Chapter 4). Thus, assuming P-HTH was cleaved, 
transgenic tobacco plants must have a mechanism to protect cells from the toxic effects 
of the mature thionin, as in previous studies, barley leaf thionins were found to damage 
cultured tobacco mesophyll protoplasts so that callus formation was inhibited (Reimann-
Philipp et al., 1989). 
2.4.3 Expression of Na-PI as a function of developmental age and 
tissue type 
The level of Na-PI in leaves of increasing age and in different tissues was examined to 
give an indication of age-specific or tissue-specific accumulation of Na-PI in transgenic 
tobacco. Na-PI peptides were maximal in the youngest leaves, and declined steadily to 
much lower levels in senescing leaves on a total protein basis (Fig. 2-6). It would be 
interesting to determine if it is the down-regulation of the promoter which causes a 
decrease in Na-PI as tissues age, by estimating the level of transcript in leaves of 
different ages. In an analogous study, pea seed vicilin (per unit soluble protein) was also 
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higher in younger leaves than in the older leaves. This was thought to be either a 
function of the CaMV 35S enhancer region, which was fused to the vicilin promoter or 
due to increasing proteolytic activity with leaf age (Higgins and Spencer, 1991). 
The organ specificity of ASSU-Na-PI in transgenic tobacco was determined by western 
blotting and calculated on a fresh weight basis (Fig. 2-7). Young and mature leaves 
contained the most Na-PI (26-60 ng/gm); stems, petioles, sepals, pods and petals 
contained moderate levels (6-13 ng/gm); while Na-PI was undetected in seeds. The 
tissue-specificity of ASSU has been studied previously using the npt/1 reporter gene 
encoding neomycin phosphotransferase II (De Almeida et al., 1989). The npt/1 chimeric 
gene driven by the Ats IA ( or ASSU) promoter was expressed abundantly in all green 
organs, with lesser but still significant amounts observed in petals and roots, and these 
results are consistent with the findings presented here. 
Proteins with Na-PI specificity were also detected in the sepals, pods and petals of 
untransformed plants (Fig. 2-7). It is not surprising that tissues of N. tabacum contain 
peptides which cross-react with the N. alata antibody, as it was recently shown that 
wounded tobacco leaves contain small ~6 kDa peptides which have sequence similarity 
to Na-PI (Pearce et al., 1993). Furthermore, at the mRNA level, Atkinson et al., 
(1993a) showed that RNA isolated from the styles of tobacco contained a 1.4 kb mRNA 
species which hybridised to the Na-PI cDNA from N. alata stigmas and flowers. 
2.4.4 Stable inheritance of Na-PI and ~-HTH 
The finding that the P-hth ( or na-pi) and bar genes integrated into the tobacco, ( or pea 
and subclover) genomes at single loci enabled T 1 plants to be screened, simply by their 
tolerance to PPT. T2 plant lines homozygous for Na-PI and P-HTH were sought not 
only to establish if these genes were stably inherited in the germline, but to enable a 
homogenous population of transgenic plants to be assessed in insect, fungal and bacterial 
bioassays. This goal was achieved with the finding that T 2 progeny derived from tobacco 
line #24.2, ( or P-HTH line #1.3), pea line #10.4, and subclover lines #4 and #6 were 
homozygous for bar and na-pi ( or P-hth). 
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2.4.5 F 3 progeny were homozygous for two defence genes 
All F3 seedlings derived from plant line #5.17 had equal amounts of Na-PI mRNA and ~-
HTH mRNA and were resistant to PPT, which, together indicated that this line was 
homozygous for both genes. This work describes the first report of transgenic tobacco 
containing both a proteinase inhibitor gene and a thionin gene. There are, however, 
concurrent reports of more than one defence related gene in other transgenic plants. For 
example, chitinases and ~-1,3-glucanases have been transformed into tomato (Jonedijk et 
al., 1995), and tobacco and sweet potatoes have been transformed with the cowpea 
trypsin inhibitor and snowdrop lectin, (Boulter et al., 1990; Newell et al. , 1995, 
respectively). In all cases plants were transformed with a single plasmid containing both 
genes. In comparison, the highest expressing Na-PI and ~-HTH plants were cross 
fertilised to produce transgenic tobacco containing both defence genes. 
2.5 Chapter summary 
cDNA clones encoding the precursors of a proteinase inhibitor from N. alata (Na-PI) 
and a thionin from barley (~-HTH) were reconstructed for expression in leaves and 
transferred into tobacco. Na-PI or ~-HTH mRNA accumulated stably in TO tobacco 
leaves. In addition, the precursors for Na-PI and ~-HTH were cleaved in the leaves of 
transgenic tobacco to yield Mr ~6000 or Mr ~8 500 polypeptides, respectively. This 
indicated removal of the signal peptide and post-translational cleavage to form the 
mature Na-PI or ~-HTH. 
Na-PI accumulation decreased with leaf maturity and was upregulated only in the green 
tissues of transgenic tobacco, with maximum levels in leaves. Preliminary studies 
indicated that Na-PI was not secreted from the cell, as it was not detected extracellularly. 
The Na-PI cDNA was also transferred to pea and subclover. Mr ~6000 polypeptides 
accumulated to levels of 0.1 % and 0.2%, respectively, of the soluble protein, indicating 
cleavage of the Na-PI precursor in legume species. The na-pi and ~-hth genes 
segregated as dominant Mendeli_an traits and were stably transmitted for at least two 
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generations of all three species (in the case of Na-PI), or in tobacco, (in the case of ~-
HTH). 
Tobacco containing the highest amount of each foreign peptide were cross fertilised to 
produce lines containing both genes. Such F1 individuals were propagated to the next 
generation, allowing the selectionof an F2 individual, homozygous for both Na-PI and ~-
HTH. Homozygosity of this selected individual was confirmed by showing that F3 
progeny derived from this line contained both genes. 
The next chapter describes the performance of these transgenic plants in insect bioassays. 
The aim was to assess whether Na-PI and/or ~-HTH confer enhanced pest resistance to 
plants. 
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Chapter 3: Insect Bioassays 
7/vzee 
The insecticidal properties of plants containing genes with 
potential for plant defence 
3.1 Introduction 
Helicoverpa species are major pests of crops in Australia including peas, cotton, coarse 
grains, oil seeds and many vegetables (Fig. 3- lA, B and C). Currently the major control 
of Helicoverpa species is through multiple applications of insecticides and there has been 
little success in identifying plant varieties with natural resistance to these pests (van 
Emden et al., 1988). Consequently, there has been great interest in controlling 
Helicoverpa using biotechnological approaches. 
Evidence that Na-PI has potential to offer protection to transgenic plants from pests has 
come from the finding that the chymotrypsin and trypsin inhibitors derived from the Na-
PI precursor could inhibit the proteolytic activity of gut extracts from a range of insects, 
in vitro (Heath, 1994, Heath et al., 1997). As Na-PI significantly inhibited the serine 
proteases of Helicoverpa armigera and H. punctigera, these species were chosen for 
further study using artificial diets. The biomass of H. punctigera larvae fed on artificial 
diets containing 0.26% (w/w) Na-PI was reduced by 54%, compared to larvae fed a 
control diet (Heath, 1994; Heath et al., 1997). Given that Na-PI was effective in 
reducing larval weight at a level of protein which is achievable in transgenic plants, the 
next logical step was to create transgenic plants containing Na-PI (described in Chapter 
Two) and assess them for increased resistance to insects and arthropods. 
It is known that thionins are toxic to Manduca sexta (tobacco homworm), if injected 
directly into the hemocoel (Kramer et al., 1979). Although the current focus for thionin 
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research is primarily on their antifungal and antimicrobial properties (see Chapter Four) , 
I decided to investigate whether thionins have insecticidal activity by testing the 
tolerance of transgenic tobacco containing ~-HTH to attack by H. armigera. 
Transgenic plants which contain more than one putative defence gene may be more 
protected from damage by insects. For example, the effect of pea lectin and cowpea 
trypsin inhibitor were additive in protecting transgenic tobacco from H. virescens 
(Boulter et al., 1990). One in vitro study showed that a barley trypsin inhibitor together 
with a wheat purothionin were synergistic in their inhibitory effect on the fungus 
Fusarium culmorum. It is plausible, therefore, that a combination of a PI and a thionin 
may also interact synergistically on insects. These precedents provided good reason to 
use H. armigera bioassays to determine if transgenic tobacco which contained both Na-
PI and ~-HTH were more resistant to H. armigera than transgenic plants which 
contained only one gene. 
Redlegged earth mite (~EM), Halotydeus destructor (Tucker) (Acarina: Penthaleidae) 
is a major pest of pasture legumes, and is widespread throughout Southern Australia. 
RLEM (Fig. 3-1D, E and F) feed predominantly on broad-leaved plants and grasses , 
including subterranean clover, canola, white clover, young wheat, tobacco and pea. As a 
result of RLEM feeding, leaves of infested plants are characterised by silver blemishes 
(Fig. 3-lE), which lead to wilting and growth reduction. 
The antimetabolic effects of a range of proteins against RLEM had previously been 
tested in artificial diets (James Ridsdill-Smith; unpublished). Overall, there were slight 
responses to Na-PI, pea lectin and wheat germ lectin. For example, when Na-PI was 
included in artificial diets at levels of 100 µg/ml, the number of progeny was reduced by 
24% in four experiments, however, in the fifth experiment, there was an increase in the 
number of progeny (James Ridsdill-Smith; pers. comm.). The effect of Na-PI on RLEM 
reproduction, although variable was sufficiently promising to lead me to question 
whether Na-PI could protect transgenic subclover from RLEM. My role in this work 
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involved the transfer of a cDNA encoding the gene for Na-PI into subclover (see 
Chapter Two). I characterised selected lines and provided confirmation they were 
homozygous. High expressing T 2 lines were sent to CSIRO, Division of Entomology, 
Perth for testing by James Ridsdill-Smith. 
My aims were to investigate the tolerance of (a) transgenic tobacco and pea containing 
Na-PI to H. armigera and H. punctigera and (b) transgenic tobacco containing ~-HTH 
alone and in combination with Na-PI to H. armigera feeding. I also report preliminary 
findings with transgenic subclover containing Na-PI, which were aimed at testing their 
effectiveness against RLEM. 
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Fig. 3-1. Pests of tobacco, peas and subterranean clover 
A. Helicoverpa armigera larvae at different stages of development. The larva at the bottom of the 
photograph is newly hatched (neonate), while the largest is about 14 days old. H. punctigera larvae are 
physiologically identical. (From Lamb et al., 1987). B. H. annigera 1noth. C. Scanning 
electronmicrograph (SEM) of neonate H. armigera larva. D. Redlegged earth 1nites. E. RLEM feeding 
on subclover leaves which show "silvering" and extent of leaf dmnage. F. SEM of redlegged earth mite 
(from Craig and Beaton, 1996). 
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3.2 Materials and Methods 
3.2.1 Feeding trials with pests of tobacco and pea 
3.2.1.1 Helicoverpa armigera feeding trial 
Neonates of H. armigera (Hilbner) were reared from a colony originally collected from 
N arrabri, NSW in 1993 and maintained as a general rearing strain on a high protein and 
wheat diet at 25°C and 40-50% relative humidity. Unfed neonates were used in feeding 
trials within 24 h of hatching. The initial weight of larvae was estimated from the mean 
weight of 100 individuals. Neonate larvae were fed on leaves from either untransformed 
or transgenic plants. The transgenic plants are fully described in Chapter Two. Primary 
transgenic (lines #13 and #24) and untransformed (W38) tobacco plants were clonally 
propagated in tissue culture, transferred to soil and grown in a greenhouse with a 24 °C 
day /12°C night temperature regime. Tobacco leaves, 20 cm in length, were excised, the 
leaf veins removed and the remaining portion was cut into approximately 2 cm x 3 cm 
pieces and placed on 0.8% w/v water agar in 9 cm petri-dishes. For pea, T 1 seedlings 
derived from line #10 were grown, screened for tolerance to PPT to select the transgenic 
plants from this segregating population. Control pea seedlings were grown from seeds 
of untransformed 'Greenfeast' plants. Leaves from PPT-tolerant or untransformed pea 
plants were prepared as above, except that whole fully expanded leaves were used. On 
days 0-8 of the bioassay, two tobacco leaf pieces or two whole pea leaves were placed in 
each petri-dish and thereafter five leaf pieces or leaves were used. One larva was placed 
in each dish and there were 40 replicates of each treatment. Petri dishes were incubated 
in humid sealed boxes at 25°C. Larvae were transferred to new dishes containing fresh 
leaf pieces every day. Living larvae were weighed individually after four days and 
thereafter every two days to estimate growth rate. Dead larvae were counted daily. The 
percent pupation was based on the total number of pupae recovered from each treatment 
with respect to the number of larvae that survived. The percent emergence was the 
number of larvae which successfully became moths, with respect to the number of pupae. 
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Each treatment initially had 40 larvae, but, because survival varied between the two 
treatments, residual maximum likelihood analysis (REML) (Thompson, 1980) was 
employed for analysis of variance. A comparison of growth rates in the different 
treatments was made using the GENST AT® statistical package (Lawes Agricultural 
Trust, Rothamsted Experimental Station). In all experiments, significance of a difference 
between means was accepted at P < 0.05. 
3.2.1.2 Helicoverpa punctigera feeding trial 
The bioassay was performed as described in section 3.2.1.1 except that second instar 
larvae instead of neonates were used to minimise larval mortality. The larvae of H. 
punctigera were not as robust as H. armigera under the bioassay conditions. For pea, 
T 2 seedlings derived from lines #10.2 and #10.4 were used in the bioassay and larvae 
were not taken through to pupation. 
3.2.1.3 Helicoverpa armigera feeding trial with F 3 transgenic tobacco 
containing both Na-PI and P-HTH. 
The feeding trial to test for insect development on tobacco transformed with either ~-
HTH alone or both Na-PI and P-HTH against H. armigera was completed as described 
in section 3.2.1.1, except that the plant material differed. T 2 transgenic plants containing 
a single defence gene were grown from T 1 plants with the highest amount of foreign 
protein. For example, for Na-PI, T2 progeny derived from the Na-PI expressing line 
#24.2 were used while for P-HTH, the bioassay used T2 progeny derived from P-HTH 
expressing line #1.3. Transgenic plants which expressed both Na-PI and P-HTH were F3 
progeny from line #5 .17. Seeds from each parent line were sown in soil and incubated in 
a demister for three weeks. After six weeks, each plant was tested using the PPT leaf 
painting test (section 2.2.6). The herbicide tolerant plants were assayed for the presence 
mRNA from the two genes by northern blotting (section 2.2.4). Leaves from eight 
plants of each line were used in the bioassays. 
3-93 
Chapter 3: Insect Bioassays 
3.2.2 Feeding trial with redlegged earth mite 
I provided transgenic subclover plants for these experiments which were performed by 
James Ridsdill-Smith at CSIRO, Division of Entomology, in Perth. 
100 seeds from T 1 subterranean clover from each of the transgenic lines #3 .2, #4.1 and 
#6.1 and an untransformed control were sown into 13 cm pots filled with soil and 
fertiliser. Pots were watered twice each week with deionised water. Saucers were 
emptied after 10 min. to avoid overwatering. After three weeks, plants were thinned to 
six per pot. 
100 field-collected deutonymphs ( or tritonymphs) were placed in plastic vials containing 
a damp sponge. In the glasshouse, one vial was emptied over each pot and immediately 
enclosed using a clear plastic container with fine mesh panels. At the same time each 
week, for five weeks, the number of mites feeding on leaves was counted. At the 
completion of one generation (usually five weeks), the mites were aspirated off each 
plant using a compressed air aspirator into vials containing 70% ethanol. The mites were 
counted and examined to determine their developmental stage. 
Plants were cut off at soil level and scored for leaf damage on a scale of 1-10, where 1 
was approximately 10% damage, 8 was all the leaf surface silvered and a score of 10 
indicated the leaf was dead. A microscope was used to assess the number and location 
of mite eggs. 
The surface of the soil remaining in the pot was checked for mites, and any that remained 
were put into a second vial of 70% ethanol. 
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Results 
Feeding trials with pests of tobacco and pea 
Assessment of H elicoverpa armigera on transgenic plants 
containing Na-PI 
To transgenic tobacco lines #13 and #24 were tested for improved resistance using H. 
armigera because these lines were the highest expressers. For example, leaves of these 
plants accumulated 0.17% and 0.28% Na-PI of the soluble protein, respectively. For 
peas, To line #10 contained a detectable level of Na-PI and seeds from this plant were 
germinated. PPT-tolerant, T 1 seedlings derived from plant #10 were used and leaves 
from these plants accumulated about 0.07% Na-PI. 
Larval mortality 
Larval mortality was increased in H. armigera populations growing on transgenic 
tobacco or pea leaves expressing Na-PI (Fig. 3-2A and C). Mortality increased rapidly 
in the first 8 days on both control and transgenic diets, but this increase was greater for 
those larvae fed transgenic leaves, as indicated by the relative steepness of the two 
curves. For transgenic tobacco, larval mortality was high for populations fed leaves from 
both line #13 and line #24. There did not appear to be any significant difference in 
number of deaths between the two transgenic lines, even though line #24 accumulated 
more Na-PI. 
After 8 days, the rate the larvae died began to plateau but the difference in the final 
percentage of insects which died was maintained. At the time of pupation, in an average 
of three experiments, 63 % of larvae on transformed tobacco had died, compared to only 
28% of larvae on untransformed tobacco leaves (Table 3-1). In experiments I and III, 
mortality of larvae fed transgenic leaves was nearly 4-fold higher, relative to control 
populations. In the second experiment, however, larval mortality was high, even in the 
population on control leaves and the difference between the populations on control and 
transgenic diets was about 1.5-fold. The discrepancy was attributed to variation in the 
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laboratory-reared strains of H. armigera, as for each of the three experiments, a fresh 
population of larvae were used. On average, there was about a 2.3-fold increase in 
mortality of larvae fed on transgenic tobacco leaves, compared to larvae fed on control 
tobacco leaves. 
Table 3-1. Mortality of H. armigera on T0 transgenic tobacco (line #24) containing Na-PI 
Experiment I Control Transgenic 
I 
II 
III 
AVERAGE 
12.5% 
55% 
16% 
28% 
47.5% 
83.3% 
57% 
63% 
In the case of peas, 53 % of the larvae on transgenic leaves died, while the mortality of 
those feeding on untransformed leaves was 30% (Fig. 3-2C). 
Growth rate and development of surviving larvae 
H. armigera growing on-transgenic tobacco leaves (lines #13 and #24) were significantly 
smaller between days 0-12, (P < 0.001) compared to larvae fed control leaves (Figs. 3-
2B and 3-3). In addition, consumption of transgenic tobacco leaves significantly lowered 
the rate at which larvae accumulated biomass between days 0-8 (P < 0.001) and days 14-
18 (P < 0.001), compared to insects growing on untransformed leaves. Although there 
was no effect on the final biomass of the surviving larvae, they required additional time 
to mature. For example, it took larvae fed control tobacco leaves 8 days to reach 90mg 
in weight, whereas larvae fed on transgenic tobacco line #13 or line #24 containing Na-
PI, required 9.7 or 11.8 days to reach 90 mg, respectively (Fig. 3-2B). It appeared, 
therefore that the effect of Na-PI on slowing development was dose-dependant, because 
plant line #24 which accumulated 0.28% Na-PI, was more effective in slowing larval 
development than line #13, which accumulated 0.17% Na-PI. In an average of three 
experiments it was shown that H. armigera developed more slowly on transgenic 
tobacco (Table 3-2). 
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Fig. 3.2 Mortality and growth rate of Helicoverpa armigera growing on transgenic tobacco or peas 
Data from experi1nent I are presented. A. Comparison of mortality of H. annigera larvae on leaves from control or transgenic tobacco, during a 24 day time 
period. Forty larvae were applied as neonates at day 0. B. Average weight of H. armigeta fed leaves fr01n transgenic or control plants. Vertical bars 
represent standard error of the mean (SEM). C. As for A, but H. annigera were grown on leaves from control or transgenic peas. D. Average weight of 
surviving H. armigera on control or transgenic pea leaves. Vertical bars are the SEM. Overall, for H. armigera which had ingested leaves from transgenic 
plants containing Na-Pl, larval 1nortality increased and surviving larvae developed 1nore slowly. 
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Table 3-2. Average weight of surviving H. armigera larvae on transgenic 
tobacco containing Na-PI 
Day 8 Day 14 
EXPERIMENT Control Transgenic Control Transgenic 
I 88.8 + 11.3 11.9 + 2.2 301.4 + 14.9 211.9+28.1 
II 16.2 + 2.8 12.0 + 3.5 193.4+ 28.1 123.2 + 23.2 
III 49.4 + 6.7 13.2 + 4.4 375.9 + 33.4 281.4 + 31.3 
AVERAGE 51.5 ± 6.9 12.4 ± 3.4 296.3 ±25.5 206.1 ± 27.5 
RELATIVE TO 100 24 100 71 
CONTROL 
The outcome from experiment I and III was that on day 8, larvae on transgenic tobacco 
leaves were about 4- to 7-fold smaller than larvae fed control leaves. In experiment II in 
which there was an overall high mortality and generally poor larval growth, the 
difference between larvae on control and transgenic diets was not as great. On average, 
after eight days, larvae on transgenic tobacco were about one quarter of the biomass of 
larvae on the control diet. By day 14, larvae fed transgenic leaves were about three-
quarters of the weight of larvae fed control leaves, indicating that larvae ingesting Na-PI 
were still developing more slowly. 
In all H. armigera larval populations, after peak weight was reached, mass decreased as 
larvae dehydrated prior to pupation. Furthermore, because larvae ingesting Na-PI grew 
more slowly early in their development, these larvae required up to three extra days to 
pupate, relative to those on untransformed leaves (Table 3-3). In addition, the number of 
pupae arising from larvae on transgenic plants was lower than the number of control 
pupae (Table 3-3). There was also a reduction in the number of pupae which emerged as 
moths, but only for the population fed leaves from the tobacco transgenic line #24. 
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Table 3-3. Pupation and pupal emergence of H. armigera larvae on transgenic 
tobacco containing Na-PI 
Line I Days to Percent Emergencel=! 
pupation Pupation* (%) 
(median) 
Control tobacco 16 91.4% 100% 
Transgenic tobacco #13 17 52.4% 100% 
Transgenic tobacco #24 19 54.5% 91% 
*Percentage of surviving larvae which pupated. ~Percentage of pupae that e1nerged as adults. 
Finally, I noted that surviving larvae on the transgenic tobacco diet were more lethargic 
than those on the control diet. 
' 
' .... • 
tJ 
Fig. 3-3. H. armigera larvae feeding on tobacco leaves. 
• 
Untransformed 
Control 
Larvae were photographed at day 10 of the experiment. On the right are larvae growing on control 
leaves and on the left are larvae on leaves frmn transgenic tobacco. The ainount of leaf tissue is not 
proportional to total leaf consmnption. H. armigera larvae grown on leaves from transgenic plants were 
generally smaller and developed more slowly than larvae on control leaves. 
Similarly, in pea, the surviving larvae grown on transgenic leaves accu1nulated biomass 
more slowly (Fig. 3-2D), although the difference in mass between larvae grown on 
control and transgenic leaves was not as marked as those on tobacco. It took ~ 7 days 
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for larvae on untransformed pea leaves to weigh 100 mg compared to 9 days for those 
on transgenic pea leaves. Surviving larvae grown on transgenic pea leaves required an 
extra two days to pupate (Table 3-4 ), indicating that these larvae developed more slowly 
throughout the entire experiment. 
Table 3-4. Pupation and pupal emergence of H. armigera larval growing on 
transgenic pea containing Na-Pl 
Line Days to Percent Emergencell 
pupation Pupation* (%) 
(median) 
Control pea 16 100% 100% 
Transgenic pea #10 (T1) 18 86% 100% 
3.3.1.2 Assessment of Helicoverpa punctigera on transgenic plants 
containing Na-PI 
TO transgenic tobacco line #24 was selected and clonally propagated for testing against 
H. punctigera because this line proved more effective than line #13, in increasing 
mortality and slowing development of H. armigera larvae (see 3.3.1.1) . For peas, PPT-
tolerant, T 2 seedlings derived from plant #10.2 and #10.4 were used and leaves from 
these plants accumulated about 0.07% or 0.12% Na-PI, respectively. The data presented 
for tobacco and pea bioassays using H. punctigera represent the results of one 
experiment. The availability of transgenic leaf material limited the continuation of the 
tobacco and pea experiments beyond 28 days or 11 days, respectively. 
Larval mortality 
Larval mortality was significantly higher for H. punctigera growing on transgenic 
tobacco or pea leaves expressing Na-PI, than for those larvae on control leaves (Fig. 3-
4A and C). As observed for H. armigera, mortality was highest during early 
development (up to 6 days), in populations on both control and transgenic diets, 
although those larvae on transgenic leaves were significantly more affected during this 
period. Mortality of H. punctigera reached a plateau at about six days, and in general, 
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after this time few larvae died (Fig. 3-4A and C). After 28 days, 90% of larvae on 
transformed tobacco had died, compared to 27.5% of larvae on untransformed tobacco 
leaves (Fig. 3-4A). 
For peas, 60% of the larvae on transgenic leaves from line #10.2 died compared with 
70% mortality for line #10.4 while the mortality of those feeding on untransformed pea 
leaves was 25% (Fig. 3-4C). 
Growth rate and development of surviving larvae 
Throughout the experiment, H. punctigera fed on transgenic tobacco leaves weighed 
significantly less (P < 0.001) and developed more slowly, compared to larvae fed control 
leaves (Fig. 3-4B). Growth rate was significantly slower (P < 0.001) for larvae grown 
on transgenic leaves, during the first 20 days. H. punctigera on transgenic tobacco 
leaves were at least seven days behind in development, compared to larvae on control 
leaves. For example, at 12 days, larvae fed control tobacco leaves weighed about 50 mg, 
whereas larvae on transgenic tobacco leaves containing Na-PI required 19.8 days to 
reach this weight. After 16 days, both populations of larvae gained weight at the same 
rate (i.e. slopes do not differ). 
When H. punctigera were grown on transgenic pea leaves, the larvae were smaller at 
each time point and accumulated biomass more slowly, particularly in the first five days 
(Fig. 3-4D). Overall, the larval population on transgenic leaves experienced a two to 
four day delay in development. For example, it took 4. 7 days for larvae on 
untransformed pea leaves to reach a weight of 20 mg compared to 7 and 9 days for 
insects on transgenic pea leaves (lines #10.2 and #10.4, respectively). Therefore, line 
#10.4 appeared more effective in contributing to a longer developmental delay and this is 
consistent with the level of Na-PI which accumulates in the leaves of this transgenic 
plant. 
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Fig. 3.4 Mortality and growth rate of Helicoverpa punctigera growing on transgenic tobacco or peas 
A. Comparison of mortality of H. punctigera larvae growing on leaves of control or transgenic tobacco containing Na-PI, during a 24 day time period. Forty 
larvae were added to the leaves at day 0. B. Average weight of H. punctigera fed leaves from transgenic or control plants. Each data point is the average of a 
maximum of 40 or a minimum of 4 larvae (in the case of larvae on transgenic leaves) and vertical bars represent standard error of the mean (SEM). C. As for 
A, but H. punctigera were fed leaves from transgenic peas, or controls, respectively. D. Average weight of surviving H. punctigera grown on leaves of control 
or transgenic peas plants. Data points are the average from a maximum of 40 or a minimum of 28 larvae. Vertical bars are the SEM. H. punctigera mortality 
and development time increased for larvae feeding on transgenic tobacco or pea leaves, relative to larvae on control leaves. 
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Assessment of Helicoverpa armigera development on transgenic 
tobacco containing Na-PI, P-HTH alone or in combination 
While there is evidence that Pis afford protection against insect pests, the toxicity of 
thionins to insects remains speculative. I produced transgenic tobacco plants which 
expressed the ~-hordothionin from barley (see Chapter Two). For these H. armigera 
bioassays, T2 plants derived from the homozygous line #1.3 were used. T2 Na-PI 
tobacco plants from line #24.2 were also grown from seed. These T 2 homozygous 
transgenic tobacco plants contained about 0.38% of the total soluble protein as Na-PI. 
In addition, F3 plants containing both Na-PI and ~-HTH offered the opportunity to test 
how the two proteins would affect insect mortality and development. The amount of 
Na-PI was estimated to be about 0.5%, of the total soluble protein in the F3 double 
transgenic tobacco. This experiment was designed to answer the following two 
questions: (a) are tobacco transformed with ~-HTH more tolerant to H. armigera? And 
(b) does the presence of both Na-PI and ~-HTH afford greater protection from H. 
armigera than either gene alone? 
Larval mortality 
As in previous experiments, overall mortality was high in the first seven days of the 
experiment (Fig. 3-5A). About 28% of the H. armigera larval population ingesting 
control leaves died compared to 40% mortality for larvae fed transgenic tobacco 
containing ~-HTH. At the end of larval development about 50% of the larvae died when 
fed leaves from Na-PI transgenic tobacco, whereas 85% of the larvae died when they 
were grown on tobacco transformed with both Na-PI and ~-HTH (Fig 3-5A and Table 
3-5). 
In summary, this experiment showed that about a 1.4-fold increase in larval mortality 
could be attributed to ~-HTH, a 1.8-fold increase for Na-PI (compared to ~2.3-fold in 
previous experiments; Table 3-1 ), and a 3.1-fold increase for larvae on plants containing 
both genes. In a second experiment using transgenic tobacco containing both Na-PI and 
3-105 
Chapter 3: Insect Bioassays 
~-HTH genes, the high level of larval mortality was confirmed and was significantly 
different to control mortality (P < 0.0001 ). In this second experiment, there was a 3. 7-
fold increase in larval mortality on leaves from double transgenics (Table 3-5). On 
averaging the results of the two experiments, there was a 3-fold increase in H. arniigera 
larval mortality in plants containing the two genes. 
Growth rate and development of surviving larvae 
H. armigera larvae on control leaves grew more quickly than larvae on transgenic leaves, 
and reached their peak weight at 14 days (Fig. 3-SB ), which compared well with 
previous experiments (Fig. 3-2B). Although larvae growing on ~-HTH transgenic leaves 
developed at the same rate as on control leaves, they weighed significantly (P < 0.025) 
less at the end of larval development and prior to pupation. Larvae on leaves from 
transgenic plants containing Na-PI accumulated the same final biomass as for larvae on 
control leaves, except that there was a two day developmental delay as peak weight was 
reached at 16 days. These results with T 2 plants confirmed earlier results using TO plant 
material. Interestingly, larvae on leaves from tobacco containing both Na-PI and ~-
HTH, showed a delay in development ( of four days) and weighed significantly (P < 
0.001) less at the end of larval development. Therefore, it appeared that Na-PI and ~-
HTH inhibited H. armigera larval development in an additive manner. Photographs of 
each H. armigera population were taken at day 8, to demonstrate both the decline in 
larval numbers and the relative size of larvae (Fig. 3-6A). A single larvae representing 
the size of each population at day 14 is also shown (Fig. 3-6B). 
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Fig 3-5. l\'Iortality and growth rate of H arrnigera larvae on control or 
transgenic tobacco containing one or t\vo putative defence genes. 
A. Cumulative percentage of larvae which died during a period of 14 days. Individual 
lines are as indicated by the key on the right hand side of the graph. Each treatment 
started with 40 neonate larvae. 
B. "\1/eight of surviving H. annigera larvae, each point represents the average 
weight oflarvae in each population. Vertical bars are the standard enor of the mean. 
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Fig. 3-6. Photographs of H. armigera larvae which had been grown on either control or 
transgenic tobacco leaves. 
A. 8 day old populations of H. armigera larvae grown on leaves from either control or transgenic plants 
to show the relative number and size of larvae in each treatment. The label 'C' indicates larvae on 
control leaves. PI, TH and PI x TH represent Na-PI transgenic tobacco, ~-HTH transgenic tobacco 
plants and double transgenics, respectively. B. Individual H. annigera larva chosen to represent the 
average size of each population at day 14. Labels for larva are as in A. 
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In the second experiment larval weights at day 8, were similar to those in experiment I 
(Table 3-5). As observed previously, the effect of Na-PI and ~-HTH is prevalent early in 
development, as after 14 days, the margin between weights of control or transgenic fed 
larvae had closed. 
Table 3-5. 
Expt. 
I 
II 
Ave. 
Increased mortality and delayed development of H. armigera larvae 
fed transgenic tobacco containing Na-PI and ~-HTH 
Mortality Average Weight (mg) 
Day 8 Day 14 
C* T* C T C T 
28% 85% 44.1 14.6 384.7 294.1 
18% 65% 55.2 14.7 325.8 198.3 
23% 72.5% 49.6 14.7 354.7 246.2 
*C and T denote control or double transgenic (Na-Pl/~-HTH), respectively. 
3.3.3 Feeding trial with redlegged earth mite 
T 2 transgenic subclover lines #4.1 and #6.1 were chosen for feeding trials using RLEM 
because both of these lines were shown to be homozygous and accumulated 0.08% or 
0.1 % Na-PI, respectively. Subclover line #3.2 which had been transformed with the na-
pi gene construct but contained undetectable amounts of Na-PI, was used as a control. 
Results from at least one experiment demonstrated Na-PI increases juvenile redlegged 
earth mite mortality, and appeared to affect behaviour as the number of mites feeding on 
transgenic plants was lower than the number feeding on control plants. For example, 
after 33 days of feeding, the number of mites feeding on transgenic line #4.1 was about 
half the number which fed on the control plants. The number of mites found on 
transgenic line #6.1, however, was higher relative to the number feeding on controls. 
Consequently, there was only half as much leaf tissue damaged for line #4.1 and a 
proportionately higher amount of damage to line #6.1. At this early stage, the results 
remain inconclusive and further experiments are underway. 
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3.4 Discussion 
3.4.1 Helicoverpa armigera and H. punctigera bioassays 
3.4.1.1 Effect of Na-PI on Helicoverpa species 
A summary of the major conclusions derived from the experiments aimed at assessing 
tobacco or pea transformed with na-pi, against H. armigera or H. punctigera is given in 
Table 3-6. 
Table 3-6. Summary of effects of transgenic plants containing Na-PI on Helicoverpa sp. 
Species 
H. armigera 
H. punctigera 
Tobacco 
• Average of 2.3-fold increase in 
mortality 
• 3 day developmental deJay 
• ~3.3-fold increase in mortality 
• 7 day developmental delay 
Pea 
• ~ 1.8-fold increase in mortality 
• 2 day developmental delay 
• ~2.6-fold increase in mortality 
• 3 day developmental delay 
The presence of Na-PI in transgenic plants was associated with an increase in mortality 
of both H. armigera and H. punctigera. H. punctigera appeared to be more sensitive to 
Na-PI, as on average, the affect on mortality (relative to control fed larvae) was greater 
for this species, than for H. armigera. 
For both Helicoverpa species, transgenic tobacco appeared more effective in causing 
larval death, than transgenic peas. These differences correlated with the relative levels of 
Na-PI which accumulated in the transgenic tobacco and pea plants, being nearly double 
in tobacco. Dose-dependant toxicity of Pis have been studied elsewhere in artificial diets 
using soybean trypsin inhibitor (SBTI). The mortality of H. armigera larvae was 
proportional to the amount of SBTI consumed and at the highest level tested (0.75mM), 
100% of larvae died (Johnston et al., 1993). However, in contrast to the study 
presented here (which used freshly harvested leaves), SBTI did not affect larval survival 
in the first 14 days and it was only after this time that mortality increased (Johnston et 
al., 1993). On the other hand, mortality of poplar leaf beetle populations increased by 
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40% when fed poplar leaves expressing a cysteine proteinase inhibitor and over half of all 
deaths occurred in the first 15 days (Leple et al., 1995). The effect of Na-PI on larval 
mortality, when combined with slower development, lethargy and environmental stresses 
may be even more marked under field conditions. 
Helicoverpa larvae which ingested Na-PI developed more slowly (Figs. 3-2 to 3-4) and 
the number of days by which development was delayed correlated with Na-PI 
expression. To transgenic tobacco lines #13 and #24 contained 0.17% and 0.28% Na-PI, 
respectively. H. armigera which ingested leaves from line #13 required an additional 
two days to pupate while larvae on line #24 experienced a three day developmental 
delay. Similarly with peas, line #10.2 accumulated a lower amount of Na-PI than line 
#10.4. H. punctigera larvae growing on these lines were delayed in development by two 
days for line #10.2 and by four days for line #10.4. In addition, development of 
Helicoverpa species appeared to be more affected by transgenic tobacco than transgenic 
pea (see Table 3-6 for details), which is likely to be explained by the higher accumulation 
of Na-PI in tobacco, compared with peas. H. punctigera fed on transgenic tobacco or 
peas were seven or three days, respectively, behind in development, relative to control 
fed larvae. When compared to the shorter developmental delay (e.g. two or three days) 
experienced by H. armigera larvae, this also supports the earlier claim that H. punctigera 
were more sensitive to Na-PI. 
The finding that Na-PI in transgenic plants slowed insect development extends the recent 
finding that the weight of H. punctigera larvae could be retarded by 54% after 12 days, 
when Na-PI was included in artificial diets (Heath et al., 1997). While there are a 
number of reports that serine PI genes confer enhanced resistance to insect attack for 
transgenic tobacco (Bilder et al., 1987; Johnson et al., 1989; Boulter et al., 1990; 
Thomas et al., 1995a), it has also been shown that rice and cotton can be protected by 
the addition of PI genes. Rice plants have been transformed with potato PI I (Duan et 
al., 1996) and cowpea trypsin inhibitor (CpTI) (Xu et al., 1996). In both cases, the 
transgenic plants exhibited increased resistance to major insect pests of rice (Duan et al., 
1996; Xu et al., 1996). Furthermore, cotton containing Pis from Manduca sexta were 
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protected against the sweet potato whitefly (Thomas et al., 1995b). This work extends 
these observations and showed that PI genes can confer protection to peas from 
H elicoverpa species. 
3.4.1.2 Combined effect of Na-PI and P-HTH on Helicoverpa armigera 
While Pis in transgenic plants have been shown to improve resistance to pests, the use of 
this single strategy must be considered carefully. There is evidence that insects adapt to 
Pis by synthesising proteinases which are insensitive to the introduced PI (Boulter and 
Jongsma, 1995; Broadway, 1996). For example, Jongsma et al., (1995) showed that 
Spodoptera exigua larvae fed transgenic tobacco containing PPI II could overcome the 
effects of the inhibitor by synthesising a new trypsin protease activity which was 
insensitive to PPI II. A further concern in the use of Pis alone in transgenic plants is that 
larvae are thought to exhibit decreased sensitivity to Pis later in the lifecycle (Orr et al., 
1994) which may potentiate the development of resistance to Pis. 
One way to slow the development of insect resistance is to use Pis in alliance with other 
insecticidal molecules with different modes of action. Transgenic tobacco showed 
improved resistance when Na-PI and P-HTH were used in combination and larval 
mortality increased by 3.1-fold, relative to control plants. The effect of the two genes 
appeared to be additive because H. armigera larvae were both slowed in development (a 
characteristic of Na-PI ingestion), and were smaller prior to pupation, a characteristic of 
larvae on tobacco containing only P-HTH. 
Although pyramiding a proteinase inhibitor and thionin had not been tested previously, 
other workers have investigated combined interactions of alternative defence molecules. 
For example, the efficacy of Bacillus thuringiensis toxins was enhanced by serine 
proteinase inhibitors in an in vitro study (MacIntosh et al., 1990), and this provides some 
evidence that this strategy may be effective in further protecting plants from insect 
attack. In another case, the effects of transgenic tobacco plants containing both CpTI 
and pea lectin, were additive in protecting tobacco from H. virescens (Boulter et al., 
1990). 
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In conclusion, because the combined effects of Na-PI and ~-HTH in transgenic tobacco 
enhanced their resistance to H. armigera these defence molecules should be considered 
among the suite of genes available for transfer into crops, either alone or preferably in 
combination with other defence molecules. 
3.4.2 RLEM bioassays 
Whole plant experiments were used to test if transgenic subclover expressing Na-PI were 
more tolerant to RLEM. The experimental conditions were aimed at closely representing 
field conditions (James Ridsdill-Smith, pers. comm.). For example, in the field, when 
RLEM are not feeding on plant cotyledons, they dwell predominantly in the soil. In this 
way, the behaviour of the mites can be observed. In at least one experiment, there 
appeared to be an interaction between Na-PI and RLEMs. At this early stage of analysis, 
it is not clear how this interaction should be interpreted in relation to the biology of mite 
development. For example, it is possible that Na-PI is detrimental to RLEM growth, but 
only during the first developmental stages (Garrick McDonald; pers. comm.). A delay in 
RLEM development may influence other growth parameters such as number of mites 
feeding on plants, reproduction, fecundity and leaf damage. 
In conclusion, the production of transgenic subclover containing Na-PI was an important 
contribution to the research programme aimed at implementing integrated management 
of RLEM. The availability of transgenic material established collaborations with CSIRO, 
Division of Entomology, Perth and Agriculture Victoria, by providing co-workers with 
an opportunity to assess these lines for improved resistance. Although at this time, 
inference can not be drawn from the results, further work is in progress in Perth and 
Victoria. The production of genetically engineered subclover, in combination with 
research efforts by plant breeders, could eventually allow the development of new lines 
with host resistance. 
3.5 Chapter summary 
Transgenic tobacco and pea expressing Na-PI proved insecticidal for both Helicoverpa 
armigera and H. punctigera by increasing larval mortality and slowing development by 
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up to seven days. For both plant species the level of protection correlated to the relative 
amounts of Na-PI expressed in leaves. Furthermore, transgenic plants were better 
protected against Helicoverpa punctigera, as this pest appeared more sensitive to Na-PI, 
than H. armigera. 
The mortality of H. armigera which ingested leaves from transgenic tobacco containing 
Na-PI and P-hordothionin, in combination was higher, than for H. armigera fed leaves 
from plants containing either gene alone. The effect of two genes appeared additive, for 
example, mortality of larvae fed transgenic plants with Na-PI or P-HTH alone, increased 
~ 1.8- or 1.5-fold, respectively, whereas mortality rose 3.1-fold for H. armigera fed 
tobacco transformed with both genes. In addition, larvae grown on the leaves of double 
transgenic plants weighed significantly less and developed more slowly, relative to larvae 
on control leaves. 
There is anecdotal evidence that transgenic subclover increases juvenile redlegged earth 
mite mortality, however the nature of the interaction between Na-PI and the mites 
remains unclear. There are more thorough tests underway which are aimed at 
determining the significance of this finding. 
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?o«Jt 
Assessment of transgenic plant performance using fungal and 
bacterial bioassays 
4.1 Introduction 
The ultimate goal of plant pathology is to understand and effectively manage disease. 
Improving yield and productivity of crop plants by increasing disease resistance is a 
major goal of breeding programmes. Current methods of disease management in 
Australia include both regulatory procedures and farm management practices. 
Mandatory quarantine schemes aim to eradicate disease, particularly from imported seeds 
and cuttings and farm practices, like sanitation, crop rotation, improved drainage and 
irrigation are important mechanisms to keep pathogens in check. Chemicals applied as 
sprays, dusts, seed and soil treatments are other means to control diseases, they are cost-
effective and have led to few cases where pathogen resistance has developed. However, 
their effectiveness depends on how uniformly the chemical is sprayed, and new foliage is 
not protected. In addition, many chemical pesticides have been withdrawn because of 
human and environmental toxicity. The development of fungicides is still challenging, as 
over 20 types of toxicological and environmental safety tests are required before release. 
Moreover, it can cost $86M to market a new chemical, which gives patent protection for 
16 years, allowing only 12-14 years to recoup development costs before a profit is made 
(Agrios, 1988). 
Together, these factors have helped initiate a drive for a decreased reliance on chemical 
fungicides, better utilisation of integrated pest/pathogen management strategies and an 
increase in research to develop new technologies, that would provide plants with in-built 
protection from disease. One biotechnological approach to increase disease resistance, is 
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to genetically engineer plants with genes which encode putative defence factors. Several 
sources of genes for pathogen resistance have been identified and new ones are being 
discovered. The most common are genes found in plants which encode for proteins with 
antimicrobial activity. Among them are proteins that are induced upon pathogen attack 
like chitinases, ~-1,3-glucanases and proteinase inhibitors. Others include small 
antimicrobial peptides which may be present constitutively like the thionins, lipid-transfer 
proteins and plant defensins (see Chapter One for review). 
Reports which documented the antifungal activity of thionins and proteinase inhibitors 
(Pls) provide evidence that these proteins could be suitable candidate genes for pathogen 
protection. Firstly, thionins are induced in leaves after fungal infection (Bohlmann et al., 
1988), and secondly, thionins inhibit the growth in vitro, of both plant pathogenic 
bacteria and fungi (Cammue et al., 1992; Florack et al., 1993). Likewise for Pis, a role 
in plant defence is implied because they are induced upon wounding (Green and Ryan, 
1972; Pearce et al., 1993), and attack by pathogens (Peng and Black, 1976; Gatehouse 
et al., 1979; Geoffroy et al., 1990). 
To substantiate the claims that thionins and proteinase inhibitors are potential important 
defence molecules, other lines of evidence are required. A direct test for anti-pathogen 
activity is to introduce the genes for these proteins into plants and demonstrate that 
transgenic plants containing the new trait have enhanced resistance to pathogens. In one 
study, tobacco plants transformed with an cx.-hordothionin gene were more resistant to 
infection by Pseudomonas syringae pv. tabaci or P. syringae pv. syringae as evidenced 
by a reduction in lesion symptoms (Carmona et al., 1993b). However, other workers 
have claimed that transgenic tobacco expressing cx.-hordothionin are not protected 
against P. syringae pv. tabaci (Florack et al., 1994). On the basis of these contradictory 
results, it was clear that further work was needed. Moreover, there are no reports of 
transgenic plants containing PI genes which have been tested for improved resistance to 
fungal or bacterial pathogens. It appeared, therefore that there were substantial gaps in 
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the understanding of the potential of thionins or Pis genes to confer resistance to 
pathogens. 
To this end, I transferred the cDNA encoding genes for a proteinase inhibitor from 
Nicotiana alata (Na-PI) and a P-hordothionin (P-HTH) from barley endosperm into 
tobacco. This chapter describes experiments aimed at assessing transgenic tobacco 
plants for improved tolerance to fungal and bacterial pathogens. Any strategy to test if 
Na-PI and P-HTH provide enhanced disease resistance in plants, must include suitable 
pathogen bioassays. Criteria in selecting possible fungi and bacteria for this study 
stipulated that they; a) be highly infectious, so that differences in resistance could be 
scored easily; b) be pathogens of considerable importance to industry and; c) are likely to 
be sensitive to thionins and/or Pis, based on previous evidence. 
Preliminary experiments with a range of fungi, using leaf disk bioassays demonstrated 
that some were more suitable as infectious agents than others. Chalara elegans and 
Phoma pulmoron although pathogens of tobacco, were unreliable in their infectivity of 
detached leaf disks ( data not shown). Further experiments tested the efficacy of 
transgenic To line #24, containing Na-PI against Phytophthora nicotianae var nicotianae 
(strain 4975) (stem black shank disease). Na-PI had only a slight detrimental effect on 
the growth of this fungi, but this was not significantly different from controls ( data not 
shown). One fungus which fulfilled the selection criteria was Botrytis cinerea - an air-
borne pathogenic fungus responsible for considerable losses in many crops throughout 
the world (Jarvis, 1980). B. cinerea or 'grey mould', is a necrotrophic fungus (kills the 
host cells to obtain nutrients for growth). There are more than 200 host plants for B. 
cinerea, such as soft fruits, vegetables, ornamental flowers and tree seedlings (Jarvis, 
1980). Commonly infected fruits are strawberries, raspberries, tomatoes, sweet peppers , 
apples, pears and grapes (Fig. 4-1) ( cited in Bossi et al., 1994 ). B. cine re a also readily 
infects tobacco leaves, if a small wound is made on the surf ace. Robin and Guest, ( 1994) 
developed a bioassay whereby the growth of this fungus can be monitored by measuring 
the size of the necrotic lesion which forms around the site of infection. What's more, 
and important for this overall strategy, is that as part of the invasion process, B. cinerea 
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secretes trypsin- and chymotrypsin-like proteases (Brown and Adikaram, 1983). 
Consequently, it is possible that growth of this fungus could be inhibited by the trypsin 
and chymotrypsin inhibitors derived from Na-PI. The B. cinerea bioassay would also 
prove a useful tool in determining the effect of ~-HTH on fungal growth in transgenic 
tobacco. Again, the toxicity of thionins in vitro was the driving force for these 
experiments ( e.g. Bohlmann et al., 1988). In addition, transgenic tobacco transformed 
with both Na-PI and ~-HTH were tested for improved resistance to B. cinerea as a 
means to provide valuable information about the interaction between the two defence 
genes. This chapter describes the results of bioassays which assessed the sensitivity or 
tolerance of transgenic tobacco to B. cinerea. 
The second bioassay used Pseudomonas solanacearum, which is an important bacterial 
pathogen that has a major impact on the production of economic crops such as tobacco, 
potato, tomato and groundnut. There have been many reports of increasing incidence of 
this disease particularly in Asia, Africa and the South Pacific in the early 1990s 
highlighting the increasing seriousness of the pathogen throughout the world (Mehan and 
Liao, 1994 ). In Australia it is most prevalent in Queensland, affecting potatoes , ginger, 
tomato, capsicum, eggplant and tobacco. The destructiveness of P. solanacearum is 
compounded by its wide host range (30 families of monocotyledons and dicotyledons) 
and its persistence in different types of soils (Graham et al., 1979). It is a motile, non-
sporalative, gram-negative bacterium. Infection usually occurs through the roots, but the 
pathogen can also enter through wounds on the stem, through the stomata or through 
the stolons on potato tubers (Dowson, 1957). Rapid progression of the disease results in 
the destruction of xylem tissues and blocks the production of tyloses thus compromising 
the vascular system and causing the plant to wilt (Buddenhagen and Kelman 1964; Wallis 
and Truter, 1978); hence its common name 'bacterial wilt'. In addition, P. 
solanacearum produces extracellular polysaccharides which interfere with water 
movement, especially in the leaves (Hussain and Kelman, 1958; Wallis and Truter, 1978). 
Vascular tissue is also destroyed by extracellular enzymes, like pectinases and hydrolases 
which the bacterium secretes during the infection process (Kang et al., 1994). 
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On tobacco, the disease is called "Granville Wilt". The leaves wilt and turn yellow, roots 
and stem bases rot and in severe cases the plants are significantly stunted (Fig. 4-1 B) and 
bacteria are observed oozing from the stem. Tobacco seedlings are extremely 
susceptible to P. solanacearum, and can be infected simply by injecting a liquid bacterial 
culture into the soil surrounding the roots. This procedure allowed the development of a 
reliable and reproducible bioassay for assessment of transgenic plants for improved 
resistance (Peter Hughes, pers. comm.). For P. solanacearum, the best chance of 
attaining resistant tobacco, were those plants which contained ~-HTH, either alone, or in 
combination with Na-PI. 
This chapter describes experiments testing the effectiveness of transgenic tobacco 
containing Na-PI and ~-HTH, alone or in combination against the fungal pathogen 
Botrytis cinerea and the bacterial pathogen Pseudomonas solanacearum because there is 
evidence that Na-PI does not effectively inhibit this bacterium in vitro (Dunse, 1992). 
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A 
B 
Fig. 4-1 Disease symptoms of Botrytis cinerea and Pseudomonas solanacearum. 
A. B. cinerea infection on grapes , causing an effect known as 'raisining ' (from Sall et al. , 1982). B . P. 
solanacearum infection on tobacco, infected plant in the foreground and healthy plant in the background 
(from Vock, 1978). 
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4.2 Materials and Methods 
4.2.1 Leaf disk Botrytis cinerea bioassay 
4.2.1.1 Selection of tobacco lines for bioassay 
Transgenic plants were T 1 tobacco lines #13.2 and #24.2, which had been transformed 
with Na-PI and tobacco line #1.3 transformed with ~-HTH, and the F2 line #5.17 , 
containing both Na-PI and ~-HTH. Hereafter, these lines are referred to as PI:#13.2, 
PI:#24.2, TH:#1.3 and PI x TH, respectively. Plants transformed with only the bar gene 
acted as a control. All plants were clonally propagated in tissue culture in media 
containing 1 mg/L benzylamino purine and 0.5 mg/L indoleacetic acid. Tobacco plants 
were rooted on hormone free media for three weeks before transferring to compost and 
maintained under natural light in a glasshouse at a 24°C day /l2°C night temperature 
regime. Three plants for each treatment were placed randomly on one of three benches 
and were grown to maturity in the glasshouse. (Fig. 4-2). Leaves from six week old, 30 
cm high, tobacco plants were used for bioassays. 
4.2.1.2 Growth and maintenance of Botrytis cinerea 
B. cinerea (strain 93.40) isolated from strawberries in Brunswick, Victoria, Australia 
was obtained from Dr. D. Guest, (School of Botany, University of Melbourne, Victoria) 
and maintained in the dark on V8 agar (20% V8 juice, 2% agar, and 0.2% CaCO3) plates 
at 24 °C. For bioassays, 10 identical plates of B. cinerea were established in the 
following way: a sterile scalpel was used to cut small blocks of agar with hyphae 
attached, from the margin of four day old cultures and placed on fresh 20% V8 agar. 
After allowing the fungus to grow for four days, a sterilised 4 mm diameter cork borer 
was used cut plugs of agar (and hyphae) from the growing edge of fresh cultures for 
inoculation of leaves. 
4.2.1.3 Leaf-disk inoculation 
I adapted the procedures which had been developed by Nemestothy and Guest, 1990 and 
Robin and Guest 1994 (see schematic diagram; Fig. 4-2 or Fig. 4-4A). Three young, 
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fully expanded leaves from each plant were labelled 'A-C' with leaf 'A' being the 
smallest and leaves 'B' and 'C' being consecutively larger down the stem of the plant. 
Leaves were excised and rinsed in running water for 10 min. One 4 x 4 cm leaf piece 
was cut from the left hand side of each leaf and a 3 mm hole made in its centre, taking 
care to avoid veins. Leaf pieces were placed randomly abaxial side up, in plastic boxes 
(15 x 10 x 5 cm) on sterile Whatman No. 1 filter paper moistened with 10 ml of water. 
The 4 mm mycelial plugs of B. cinerea (section 4.2.1.2) were inverted and placed over 
the central hole in the leaf. Control plants were similarly treated with sterile agar plugs. 
The boxes were sealed and incubated at 27°C in a growth cabinet with 16 h light, 8 h 
dark, except in the third experiment where conditions were 24°C, in the dark. The 
diameter of the necrotic lesion was measured using an electronic digital calliper at three 
time points at least 24 h apart until it appeared the lesions had stopped growing. If the 
lesion was not circular, the diameter was estimated by measuring the minimum and 
maximum widths of the lesion. The experiment was repeated three times. 
4.2.1.4 Analysis of data 
The lesion area was calculated from the estimated diameter. The student's t-distribution 
was used for preliminary two-way comparisons of the differences in lesion area between 
different treatments (Control, PI: #13.2, PI: #24.2, TH: #1.3 or PI x TH). Differences in 
lesion area which developed on the leaves of different treatments, for experiment I, were 
also analysed by analysis of variance (ANOV A). Additional sources of variation in the 
ANOVA were a) variation between plants (e.g. blocks 1-3) and b) variation between 
leaves (e.g. A-C), and box effects (e.g. 1-9). A simple ANOVA, testing the main effects 
was calculated using the GENST AT® statistical package (Lawes Agricultural Trust, 
Rothamsted Experimental Station) by Roger Morton, Division of Water Resources , 
CSIRO. 
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4.2.2 Whole plant Botrytis cinerea bioassay 
4.2.2.1 Whole plant inoculation -
The same five plant lines used in the leaf-disk bioassay, were generated clonally for the 
whole plant bioassays. Briefly, there was an empty vector control, T 1 lines PI: #13.2 ; PI: 
#24.2; TH: #1.3 and F2 line #5.17 with both Na-PI and ~-HTH (PI x TH). In a second 
whole plant experiment, T2 progeny derived from lines PI #24.2; TH #1.3 and F3 line 
#5.17 were used (Table 4-1). As in section 4.2.1.1, three tobacco plants were grown for 
each treatment and were randomly placed on three benches (Fig. 4-2) . 
B. cinerea was plated on fresh V8 agar and four day old cultures were used in whole 
plant bioassays as described in section 4.2.1.2. Three young, fully expanded leaves from 
each plant were labelled 'A-C' using a marker pen. Four, 3 mm holes were made in each 
leaf, taking care to avoid veins. The area surrounding the hole was moistened with water 
and 4 mm mycelial plugs of B. cinerea and agar were inverted and placed over each hole. 
Control plants were_ sham-inoculated with sterile agar plugs. A paper tissue was 
immersed in water, and wrapped around the base of the leaf, as close to the stem as 
possible. A plastic bag was placed over the entire leaf and secured at the base, over the 
paper tissue, using plastic coated wire (see Fig. 4-5A and B). After three days, the 
plastic bags were removed and the diameters of the necrotic lesions were measured as 
described in section 4.2.1.3. The experiment with T 1 plants ( and F2 PI x TH) was 
repeated three times. The second experiment with T 2 plants and F3 PI x TH was 
performed only once as the three experiments with T 1 plants were consistent. Statistical 
analysis for whole plant bioassays was as described in section 4.2.1.4 for the bioassays 
using leaf disks. 
4.2.2.2 Microscopy 
On the third day after inoculation, leaf pieces infected with B. cinerea were examined by 
compound microscopy. Leaf pieces were cleared to remove interfering leaf pigments by 
placing in lactic acid: absolute ethanol (3: 1 v/v) for 48 h at room temperature. Sections 
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of leaf were dissected and mounted in lactophenol-cotton blue to observe the hyphal 
branches within the leaf cells. 
In addition, photographs were taken using the stereo light microscope (Wild Leitz M8) 
by Stuart Craig, Division of Plant Industry, CSIRO. Scanning electron microscopy 
(Craig and Beaton, 1996) was used to examine morphological differences between the B. 
cinerea mycelium growing on control leaves and on transgenic leaves containing both 
Na-PI and ~-HTH. 
Table 4-1. Summary of plant material used in Botrytis cinerea bioassays 
Bioassay I Plant Material Generation No. of 
Ex~eriments 
Leaf disk I Control (bar alone) - 3 
PI: #13.2 T1 
PI: #24.2 T1 
~-HTH: #1.3 T1 
Na-PI x ~-HTH: #5.17 F2 
Whole plant I Control (bar alone) - 3 
PI: #13.2 T1 
PI: #24.2 T1 
~-HTH: #1.3 T1 
Na-PI x ~-HTH: #5.17 F2 
Whole plant I Control (bar alone) - 1 
PI: #24.2 T2 
~-HTH: #1.3 T2 
Na-PI x ~-HTH: #5.17 F3 
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Fig. 4-2 Diagrammatic representation of the Botrytis cinerea bioassay 
The three blocks are individual benches in a glasshouse, and each of the coloured circles represents a 
single tobacco plant, randomly assigned to one of five positions on the bench. Three leaves from each 
tobacco plant were harvested and labelled A, B or C. One 4 x 4 cm section was cut from each leaf and 
placed randomly in sealed, plastic boxes. A small wound on each leaf piece was inoculated with an agar 
plug containing B. cinerea hyphae. Each box contained a leaf piece from each of the five different plant 
lines, as well as a control leaf, sham inoculated with sterile agar. The experiment was designed to assess 
the variation of B. cinerea lesions, between plants from blocks 1-3, as well as between leaves (A-C), 
from the same plant. 
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4.2.3 Pseudomonas solanacearum bioassay 
In a collaborative study with Peter Hughes, Division of Plant Industry, CSIRO ( a fellow 
Ph.D student working on wheat a-purothionin and Arabidopsis lipid transfer proteins), 
we examined the potential for Na-PI and ~-HTH to protect transgenic tobacco against P. 
solanacearum. 
4.2.3.1 Preparation of tobacco lines for inoculation 
Approximately 20 seeds each from a control plant which only contained the bar gene, T 2 
TH: #1.3, and F3 PI x TH #5.17 were sown into plastic boxes with lids (13 x 11 x 9 cm) 
half-filled with a well draining soil containing a slow release fertiliser. There were 40 
boxes for each of the three tobacco lines which were arranged randomly into four blocks 
- i.e. each block contained 10 control boxes, 10 boxes with T2 TH: #1.3 plants and 10 
with F3 PI x TH plants (see schematic representation: Fig. 4-3). The boxes were placed 
on a bench in an enclosed growth cabinet with day/night temperatures of 28°C and 25°C, 
respectively. The light cycle was 16 h light, 8 h dark. Seedlings were watered every 
second day and lids remained closed throughout the experiment. After two weeks, the 
plants in the boxes were thinned so that only four, equal sized tobacco seedlings 
remained. Seedlings were approximately 4-5 weeks old (6 cm high with about four 
leaves) when inoculated with P. solanacearum. 
4.2.3.2 Pseudomonas solanacearum inoculum 
Pseudomonas solanacearum (strain 6397) was obtained from Queensland Department of 
Primary Industries, Mareeba. For bioassays, virulent P. solanacearum colonies were 
identified using colour indicator plates containing 0.2% (w/v) 2,3,5-triphenyl tetrazolium 
chloride (TZC), 0.5% (v/v) glycerol, 1 % (w/v) peptone, 0.1 % (w/v) casamino acids and 
1.8% (w/v) agar (Jenkins and Kelman, 1976). Pathogenic colonies appeared irregular in 
shape and were creamy white with pink-orange red centres on TZC media while non-
virulent colonies were red and circular. A single 48-72 h old, virulent colony was 
suspended in a flask containing 250 ml semi-synthetic liquid media (from Hussain and 
Kelman, 1958) using a sterile loop. The flask was placed on a shaker at 28°C and after 
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~ 72 h, the inoculum was diluted ( 1 :4) with Milli-Q Plus (Millipore) water for use in the 
bioassays. 
For long-term storage of P. solanacearum, a single pathogenic colony from a 48-72 h 
old culture was suspended in 8 ml of water and stored at 20°C. Cultures stored in this 
way remain stable for up to two years (Jenkins and Kelman, 1976). 
4.2.3.3 Inoculation and assessment of resistance 
2 ml of diluted inoculum was injected into the soil within 1 cm surrounding each plant 
using a 0.8 x 38 mm hypodermic needle (Terumo) attached to a 2.5 ml syringe barrel 
(Terumo). In previous experiments, boxes containing control plants were inoculated in 
the same way, but with sterile liquid media. Each box was sealed with masking tape to 
prevent the soil drying out and the boxes were not watered during the bacterial growth 
phase. 
After seven days, the number of plants in each box showing any symptoms was recorded 
as a percentage of the total number of plants in each treatment ( 160). After 14 days, 
each plant was classified according to a Disease Index where a score of 0 indicated plant 
death and a score of 4 were plants which only had one wilted leaf. 
The entire experiment was repeated, although only the results from the second 
experiment are presented, as the rate of infection was higher. 
4.2.2.4 Statistical analysis 
The average percentage of plants showing symptoms in each box was calculated and 
standard errors were estimated using the box as the unit (rather than each plant). The 
difference between the percentage of tobacco with symptoms in each block was 
compared using the student's t-Test. 
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Fig. 4-3 Whole plant bioassay to the effect of Na-PI and ~-HTH transgenic tobacco plants on 
resistance to Pseudomonas solanacearum 
A bench in a growth chamber was divided into four blocks. Each block contained 30 boxes of plants 
which were randomly positioned - 10 control boxes, 10 boxes of P-HTH transgenic plants (T2 line #1.3) 
and 10 boxes PI x TH plants (F3 line #5.17). Each box contained four tobacco seedlings. The soil 
surrounding the roots of each seedling was injected with a dilute liquid culture of P. solanacearum. 
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4.3 Results 
For initial experiments the leaf disk bioassay was used as a means to determine whether 
B. cinerea lesions were smaller on transgenic leaves expressing Na-PI or ~-HTH. It was 
necessary to ensure that the bioassay was conclusive as well as reliable. However, 
additional experiments with leaves on whole plants were performed to provide further 
evidence that transgenic plants containing Na-PI, ~-HTH or both genes in combination 
could inhibit the growth of B. cinerea. The results from these experiments are also 
presented (section 4.3.2). Finally, the culmination of the leaf disk and first whole plant 
experiments, was a whole plant experiment using second generation tobacco plants 
derived from homozygous lines. This final experiment was aimed at confirming that the 
higher levels of Na-PI and ~-HTH in these T2 plants were proportionately more effective 
in inhibiting B. cinerea growth as well as demonstrating that the genes remain 
biologically active in subsequent generations (section 4.3.3). 
4.3.1 Botrytis cinerea leaf disk bioassays 
Brown lesions caused by Botrytis cinerea were visible around wounds in tobacco leaves 
in all experiments. After four days, the brown necrotic lesion was largest in control 
leaves compared to those leaves which had been transformed with Na-PI or ~-HTH, or 
both genes together (Fig. 4-4A). No lesions developed on control tobacco leaves which 
had been infected with a sterile VS agar plug. Lesions were mostly circular, although 
irregular shapes were also observed. Lesions appeared to consist of two rings: an outer 
'water-soaked' zone, which was lighter in colour contained macerated leaf tissue without 
fungal hyphae, and an inner necrotic zone, which was dark brown with fungal hyphae 
growing on the surface (see Fig. 4-4A; Fig. 4.7 C and D). Only the dark brown necrotic 
zone contained B. cinerea, as evidenced by sterilising sections of the leaf, plating on VS 
agar and observing hyphal growth after three days. Under these conditions, B. cinerea 
hyphae did not emerge from water soaked lesions, nor as expected, from the uninfected 
area of leaf (data not shown). 
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Fig. 4-4 Average lesion area of Botrytis cinerea on leaf disks (data fron1 Experilnent I) 
A. B. cinerea growing on leaf disks : 1 is the control (bar alone); 2 is TH: # 1.3; 3 is PI x TH; 4 is PI: #24.2 
and 5 is a control leaf infected only with V8 agar. 
B. Growth of B. cinerea lesions from O- l 65h. Each data point is the average of nine lesion 
measurements. Error bars represent the standard error of the mean. 
4-132 
Chapter 4: Pathogen bioassays 
The rate of lesion development was measured over a time period of 165h (Fig. 4-4B ). In 
the first 45h, the lesions grew rapidly attaining half their final size in that time. At 45h, 
there was no significant difference between the size of the lesions, regardless of leaf 
treatment. After a further 45h, lesions on transgenic leaves were smaller than those on 
control leaves and this trend was exaggerated after 165h. After approximately 90-120h, 
B. cinerea started to sporulate on the leaves as evidenced by the formation of darkly 
pigmented conidiophores clustered on the end of hyphae. The lesions stopped growing 
after six days at the warmer temperature of 27°C (Experiment I and II) and after four 
days at 24°C (Experiment III). 
The experiment was repeated three times ( although only data from Experiment I is 
presented in Fig. 4-4) and the average lesion area after 94 h, for each experiment is 
shown in Table 4-2. 
Table 4-2. Average lesion area (mm2) of Botrytis cinerea on leaf disks after 94 h 
Line I Experiment I Experiment II Experiment III I Average 
(relative to C) 
Control (C) I 82.00 + 6.3* 90.0 + 4.9 260.4 + 20.2 i 100 
PI: #13.2 69.1+6.1 76.6 + 13.1 201.4 +12.3 I 80 
PI: #24.2 75.6+7.1 70.8 + 13.2 195.9 + 16.7 I 79 
TH: #1.3 72.3 + 5.6 74.1 + 16.0 206.7 + 17.3 I 83 
PixTH 64.0 + 4.8 56.7 + 10.1 191.7 + 15.6 I 72 
*numbers after the + sign is the standard error of the mean 
In all three experiments, the areas of B. cinerea lesions were largest on control tobacco, 
and smallest on tobacco leaves containing both Na-PI and ~-HTH. In general, the order 
of lesions from largest to smallest was: 
Control> PI: #13.2 > TH: #1.3 > PI: #24.2 > PI x TH 
Within the error margins, the outcome of the three experiments was consistent. In 
experiment III, however, regardless of leaf material, the lesions were nearly three times 
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the size of those in the two previous experiments. The most likely explanation was the 
different temperature regime, in the third experiment, where infected leaf pieces were 
incubated at 24°C, instead of 27°C. 
The difference between the average size of lesions growing on control leaves, was 
compared to the average size of lesions on transgenic leaves (Table 4-3). The student's 
t-Test was performed on a number of pairwise comparisons to evaluate if there was any 
significant difference between the lesion areas. A summary of these comparisons is given 
below in Table 4-3. 
Table 4-3. Two-way comparisons of average lesion area on leaf disks 
Comparison I Lesion area t-Test result Significant at 
difference (u = 8) P< 0.05? 
Control vs PI: #13.2 I 19.8% 2.72 YES Control vs PI: #24.2 20.8%* 2.44 YES 
Control vs TH: #1.3 I 18.3% 2.04 YES 
Control vs PI x TH I 27.8% 3.82 YES 
PI: #13.2 vs PI: #24.2 1.3% 0.12 NO 
PI: #13.2 vs TH: #1.3 1.8% 0.16 NO 
PI: #24.2 vs TH: #1.3 3.2% 0.28 NO 
PI: #13.2 vs PI x TH 9.9% 1.09 NO 
PI: #24.2 vs PI x TH 8.7% 0.81 NO 
TH: #1.3 vs PI x TH 11.5% 1.05 NO 
* All percentage lesion area differences are reductions 
B. cinerea lesions were about 20% smaller on transgenic tobacco containing Na-PI and 
about 18 % smaller on transgenic tobacco transformed with ~-HTH. Leaf disks from 
plants which contained both Na-PI and ~-HTH exhibited lesions which were nearly 28% 
smaller, when compared to lesions on control leaves. The result from the t-Test 
indicated that lesions on transgenic leaves were significantly smaller (P < 0.05). This 
meant there was only a 5% possibility of these results occurring by chance alone. 
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When the size of the lesions was compared between the two lines of tobacco transformed 
with Na-PI and the line transformed with P-HTH, the t-Test indicated that for the three 
possible pairwise comparisons, the lesions were not significantly different in size (Table 
4-3). This indicated that neither Na-PI or P-HTH were more effective in reducing lesion 
size. 
When Na-PI lines #13.2 and #24.2 were compared to the line containing both Na-PI and 
P-HTH, there was no statistical difference in lesion area. This implied that the addition 
of ~-HTH to transgenic plants which already contained Na-PI, did not significantly 
reduce the size of lesions caused by B. cinerea. Similarly, there was no statistical 
difference when line #1.3 containing P-HTH was compared to the double transgenic line 
indicating that the addition of Na-PI to transgenic plants which contained ~-HTH, did 
not result in significantly smaller lesions, when compared to plants that contained only ~-
HTH. 
An essential part of the analysis was to estimate if any of the variations in the size of 
lesions was due to either block differences (e.g. 1, 2 and 3), leaf differences (e.g. A, B, 
and C), or box effects (e.g. 1-9). To determine the contribution of each of these factors, 
the data from Experiment I was subject to an analysis of variance (ANOV A) using 
GENSTAT® (Table 4-4). 
Table 4-4. Summary of analysis of variance for leaf disk bioassay (Experiment I) 
Source of Variation I Degrees of F -statistic P value Significant 
freed om ( u) 
Treatment* I 4, 14 3.37 0.039 YES 
Block (e.g. 1-3) 2, 14 2.00 0.172 NO 
Leaf (e.g. A-C) 2,40 1.53 0.229 NO 
Box (e.g. 1-9) 4,26 1.33 0.279 NO 
*treatments were control, PI: #13, PI: #24, TH: #1 and PI x TH 
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The ANOV A indicated that there was a significant difference in lesion size due to 
different leaf treatments. There were no differences due to block location, indicating that 
lesion size was independent of whether the plant was located in block 1, 2 or 3. 
Likewise, leaf effects were insignificant, or in other words, differences in lesion size were 
not attributable to the size of the different leaves A, B or C. Finally, regardless of box 
location, the size of B. cinerea lesions was not significantly affected. Therefore, it 
appeared that the experimental design was statistically robust. 
In summary, from the experiments using leaf disks, it appeared that transgenic lines 
containing either the PI from Nicotiana alata or ~-hordothionin from barley endosperm 
inhibited the growth of B. cinerea. Plants containing both genes also significantly 
reduced the size of lesions caused by B. cinerea, as expected. However, it appeared that 
tobacco containing both genes was only marginally more resistant than tobacco 
containing either gene alone. As the experiment with detached leaves showed that 
smaller fungal lesions were attributable to Na-PI and ~-HTH, the next stage was to 
assess the performanc~ of B. cinerea on whole plants. 
4.3.2 Botrytis cinerea bioassays using whole plants 
4.3.2.1 Experiments with T 1 plants 
B. cinerea lesions on control leaves were generally larger than those on transgenic leaves 
(Fig. 4-5) while leaves which were inoculated with sterile VS agar did not develop 
lesions (not shown). 
In the whole plant bioassays, lesions caused by B. cinerea were measured after ~ 72 h. 
Representative data (from Experiment III) for the area of lesions on control and 
transgenic tobacco after inoculation with B. cinerea is shown in Fig. 4-6. 
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Fig. 4-5. Photographs of Bo try tis cinerea whole plant (T 1) bioassay. 
A. Experimental setup in PHl glasshouse. B. A single transgenic plant with each, leaf covered by a 
plastic bag. C. Tobacco leaves 72h after inoculation with B. cinerea. Clockwise from left, control; PI x 
TH; TH: #1.3 and PI:#24.2. D. Lesions on control and PI x TH leaves. Lesions on PI x TH plants were 
significantly smaller than on control leaves (P < 0.05). 
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Growth of B. cinerea on whole 
plants after 72 hours 
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Leaf Material 
Fig. 4-6. Histogra1n of lesion area of Botrytis cinerea on leaves ofT1 plants. 
Average leaf area 72h after inoculation with V8 agar containing B. cinerea hyphae. Area was estimated 
from the diameter of the necrotic lesion which formed around a small wound in the leaf surface. Each 
coloured bar is the average of 36 lesions and error bars are the standard error of the mean. The label C 
refers to control plants,# 13 and #24 are T1 transgenic tobacco plants containing Na-PI. 111e labels TH and 
PI x TH refer to transgenic plants containing 13-hordothionin alone, or in combination with Na-PI, 
respectively. Differences in lesion area were significant only on PI x TH plants, relative to controls. 
The experiment infecting whole tobacco plants with B. cinerea was repeated three times. 
Average lesion data fi-om all experiments is presented in Table 4-5. 
Table 4-5. A.verage lesion area (m1n2) of B. cinerea on T 1 plants after 72 h 
Line I Experiment I Experiment II Experiment III I Average 
( relative to C) 
Control (C) 77.0 + 14.3 141.2 + 8.3 154.6 + 14.9 100 
PI: #13.2 82.2 + 5.5 139.9 + 7.6 157.3 + 16.6 102 
PI: #24.2 78.9 + 6.8 115.1 + 5.9 154.5 + 11.8 94 
TH: #1.3 68.1 + 3.0 116.5+7.2 143.2 + 17.3 I 88 
Pix TH 51.1 + 10.3 110.7 + 5.7 109.3 + 8.0 I 73 
In all whole plant experiments, lesions on transgenic tobacco transfo1med with only ~-
HTH or with both ~-HTH and Na-PI \Vere smaller than those on control plants 
containing the selectable marker gene (Fig. 4-5, 4-6 and Table 4-6) and only the latter 
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was significant. Tobacco plants containing Na-PI (lines #13.2 and #24.2) were not as 
effective in reducing the size of B. cinerea lesions as results from the leaf disk bioassay 
suggested. 
The student's t-Test was used to estimate the significance of differences of lesion size on 
different leaf material (Table 4-6). 
Table 4-6. Two-way comparisons of average lesion areas on whole plants (T 1) 
Comparison I Lesion area t-Test result Significant at 
difference (u = 35) P < 0.05? 
Control vs PI: #13.2 + 1.8% 0.18 NO 
Control vs PI: #24.2 6.5%* 0.65 NO 
Control vs TH: #1.3 12.1% 1.20 NO 
Control vs PI x TH 27.3% 2.71 YES 
PI: #13.2 vs PI: #24.2 8.2% 1.04 NO 
PI: #13.2 vs TH: #1.3 13.6% 1.74 NO 
PI: #24.2 vs TH: #1.3 5.9% 0.75 NO 
PI: #13.2 vs PI x TH I 28.5% 3.64 YES 
PI: #24.2 vs PI x TH I 22.2% 3.14 YES 
TH: #1.3 vs PI x TH I 17.3% 2.05 YES 
*Percentage lesion area differences are reductions unless otherwise stated 
As shown for the leaf disk bioassays, lesion areas on either of the transgenic plants 
expressing only one defence gene were similar, so Na-PI was not more effective than ~-
HTH at protecting tobacco against B. cinerea. 
For the reasons described in the leaf disk bioassay, one experiment was fully analysed to 
determine if the random errors, (block 1-3; leaf A-C; lesion 1-4 ), contributed to the 
observed variation between treatments. The ANOV A results indicated that none of 
these factors had a significant effect on lesion size (data not shown). 
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In summary, the results from these whole plant bioassays with T1 plants showed that only 
transgenic plants containing both Na-PI and ~-HTH were more protected against 
infection by B. cinerea. Contrary to the leaf disk bioassay, lesions on tobacco 
containing either Na-PI or ~-HTH alone were not significantly smaller than those on 
control plants. It is possible that there is a gene-dosage effect, and as T 1 populations of 
transgenics plants would contain plants which were both hetero- and homozygous, the 
bioassay was used to assess the performance of T 2 individuals derived from a 
homozygous line, or in the case of PI x TH; T 3 individuals which were homozygous for 
both genes. 
4.3.2.1 Experiments with T 2 plants 
As for the previous whole plant bioassay, B. cinerea lesions were much smaller when 
grown on transgenic tobacco homozygous for Na-PI or ~-HTH and on plants containing 
both ~-HTH and Na-PI, relative to lesions on control plants (Fig. 4-7 A). A histogram of 
the average area of lesions formed on the four plant lines is shown in Fig. 4-7. As results 
from the three whole plant bioassays using T 1 plants were reproducible, the B. cinerea 
bioassay with T 2 plants was performed only once because the data would provide a 
reliable indication of the gene-fungal interaction. 
Lesions developing on control leaves were the largest, while lesions on transgenic 
tobacco containing 0.38% Na-PI (of total soluble protein (TSP)) were marginally 
smaller. The size of lesions on transgenic tobacco with Na-PI (0.5% TSP) and ~-HTH, 
however were about half the size of control lesions. To effectively compare the lesions, 
pair-wise comparisons were performed on the four leaf treatments to determine if the 
observations were statistically significant (Table 4-7). 
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Lesion area of Botrytis cinerea 
on tobacco after 72 hours 
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Fig. 4-7 Histogram of lesion area of B. cinerea on T 2 plants 
Necrotic lesions were measured on tobacco leaves, 72h after inoculating with B. cinerea. Each coloured 
bar is the average of 36 lesions while the error bars represent the standard error of the mean. Tobacco 
control (C) plants, or transgenic Na-PI (PI) or ~-HTH (TH); or ~-HTH in combination with Na-PI (PI x 
TH), were significantly more protected from B. cinerea, relative to untransformed tobacco plants. 
Table 4-7. T,l\'o-"'ay comparisons of average lesion areas on ,,,hole plants (T 2) 
Coinparison 
Control vs PI: #24.2 
Control vs TH: #1.3 
Control vs PI x TH 
PI: #24.2 vs TH: #1.3 
PI: #24.2 vs PI x TH 
TH: #1.3 vs PI x TH 
Lesion area 
difference 
15.7°/4* 
44.7% 
50.5°/4 
34.4% 
41.% 
10.4% 
*Lesion area differences are reductions 
t-Test res u]t 
2.14 
4.73 
5.34 
3.94 
4.73 
1.33 
Significant at 
P< 0.05? 
YES 
YES 
YES 
YES 
YES 
NO 
Lesions were significantly smaller on all transgenic plants, relative to control tobacco (Fig. 
4-7; Table 4-7). Furthe1more, the t-Test showed that the probability of this outcome by 
chance, is less than 5°/o. Na-PI had the effect of reducing lesion area by nearly l 6o/o. 
Transgenic tobacco containing ~-HTH alone, or ~-HTH in combination with Na-PI, 
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proved very effective in protecting tobacco against B. cinerea, with lesions being ~45 % 
or ~51 % of the size of control lesions, respectively. ~-HTH appeared to be more 
effective than Na-PI, in providing resistance against B. cinerea because there was no 
significant difference (at P < 0.05) in the size of lesions on either tobacco containing ~-
HTH alone or containing both ~-HTH and Na-PI, (however the result was significant at 
P = 0.1). This indicated a marginally significant increase in protection by the addition of 
Na-PI to tobacco transformed with P-HTH. Thus, for tobacco plants containing two 
genes, P-HTH was the major contributor to the joint protective effect of the two genes. 
Statistical analysis by ANOV A of this experiment confirmed that the variation between 
blocks (1-3); leaves (A-C) and lesions (1-4) did not significantly contribute to the 
variation observed between the four different plant lines (data not shown). 
B. cinerea hyphae grown on control or transgenic material was examined by light 
microscopy to identify any hyphal characteristics which differed for B. cinerea growing 
on either the control or PI x TH. On the control leaf, B. cinerea were white and at the 
time of photography, conidiospores were prolific on hyphal stalks (Fig. 4-8C). The 
brown necrotic lesion was surrounded by a 3 mm ring of tissue which appeared to have 
been damaged by water-soaking. In control tissue, this zone of damage appeared to 
move in advance of hyphal penetration, but it was rarely seen in the lesions which formed 
on transgenic leaves (Fig. 4-8D). At the very periphery of the lesion formed on control 
leaves, there was a dark brown ring at the border of damaged and non-damaged tissue 
(Fig. 4-8C). Lesions growing on transgenic tissue looked different (Fig. 4-8D). The B. 
cinerea hyphae were grey-white and covered a smaller area, though were often more 
dense than those growing on control leaves. Occasionally there was a zone of water-
marked damage, although, generally it was less defined. At the border between infected 
and non-infected tissue there was always a very distinct grey zone, which appeared dry -
it is possible that this area contained plant cells which had dehydrated. Therefore, the 
main difference of the appearance of B. cinerea between controls and transgenics is the 
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size of the watersoaked zone, being larger, and dark brown in controls and small, grey 
and dry in transgenics. 
The second approach was to clear the leaf tissue surrounding the lesion and to use 
lactophenol-cotton blue (section 4.2.2.2) to observe the hyphae penetrating uninfected 
tissue. B. cinerea mycelium were stained blue (Fig. 4-8B). At this level of microscopy it 
there appeared to be no morphological characters which distinguished hyphae growing 
on control leaves from hyphae penetrating transgenic leaves. Scanning electron 
microscopy was used to resolve detail on the hyphal structure. On control leaves, B. 
cinerea hyphae were long and ribbon-like and appeared to spread out over the entire 
lesion area (Fig. 4-8E). Damaged leaf tissue appeared flat with the definition of a raised 
leaf surface being lost. Trichomes (leaf hairs) were destroyed and flattened. On 
transgenic PI x TH leaves, B. cinerea hyphae appeared slightly thicker and shorter with 
many convolutions. Hyphae grew more densely and did not grow outwards in the same 
way as was observed on control leaves. In addition, SEM of transgenic PI x TH leaves, 
revealed an obvious zone of tissue in between the infected and non-infected leaf where B. 
cinerea did not grow. 
In conclusion, it appeared that transgenic plants containing either Na-PI, ~-HTH or both 
genes together, were more protected against B. cinerea than the untransformed control 
plants. As ~-HTH was so effective in protecting tobacco against B. cinerea the next 
strategy was to assess if transgenic plants containing ~-HTH were more protected 
against the pathogenic bacterium Pseudomonas solanacearum. 
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Fig. 4-8 Appearance of Botrytis cinerea and lesions on leaves of T 2 plants. 
A. Leaves from tobacco plants infected with B. cinerea. Clockwise from left: control; PI x TH; TH:#1.3 ; 
and PI: #24.2. B. B. cinerea stained with lactophenol-cotton blue. Hyphae are penetrating previously 
uninfected tissue as seen through light microscope (l00x). C. B. cinerea on control tissue, using stereo 
microscope (6x). D. B. cinerea on PI x TH transgenic tissue using stereo microscope (6x). E. Scanning 
electron micrograph (SEM) of B. cinerea infecting an untransformed leaf. F. SEM of B. cinerea 
infecting a leaf from tobacco containing PI and TH. 
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4.3.3 Pseudomonas solanacearum bioassay 
As these experiments were performed in the later stages of this project, only T 2 or T 3 (PI 
x TH) plants were used. Wilted leaves were apparent on tobacco plants three days after 
injecting the soil surrounding the roots of seedlings with a dilute inoculum of P. 
solanacearum. After seven days, symptoms were more severe on control tobacco 
seedlings than on transgenic plants expressing ~-HTH or plants expressing Na-PI and ~-
HTH (Fig. 4-9). Whether the whole plant was dead, or only one leaf was wilted, it was 
scored as possessing symptoms characteristic of infection by P. solanacearum. After 
seven days, plants which were completely dead were mainly control plants, while in 
general, transgenic plants had only minor symptoms. None of the seedlings which had 
been sham-inoculated with sterile liquid growth media developed symptoms (P. Hughes; 
pers. comm.). The percentage of plants which became infected by P. solanacearum after 
seven days was plotted as a histogram (Fig. 4-10). 
The infectivity of P. solanacearum was very high, with ~94% of control tobacco 
seedlings showing wilting symptoms, after only seven days. By comparison, 75% of~-
HTH transformants had symptoms, while only 64% of tobacco with both Na-PI and ~-
HTH became infected with P. solanacearum. The difference between percentage 
infectivity for the three plant lines was analysed using the student's t-Test. The results of 
the comparisons are shown in Table 4-8. 
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Fig. 4-9. P. solanacearum bioassay. 
A. Growth cabinet with boxes of tobacco seedlings. There were 40 boxes of each tobacco line (Control , 
TH: #1.3 and PI x TH) and each box contained four plants. B. Five week old tobacco seedlings, seven 
days after inoculation with P. solanacearwn. Fr0111 left; control plants, tobacco seedlings with ~-HTH; 
double transgenics (PI x TH). 
0 
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lnfectivity of Pseudomonas 
solanacearum on tobacco 
O~ Control TH Pl x TH 
Fig. 4-10. Infectivity of P. solanacearuni on tobacco 
Histogram of the percentage of tobacco seedlings which showed disease symptoms, seven days after 
inoculating roots with P. solanacearum. The coloured bars are the average rate of infection for 40 boxes, 
and the vertical bars are the standard error of the mean for each treatment. Tobacco containing either 13-
HTH (TH); or 13-HTH in combination with Na-PI (PI x TH), were significantly more protected from P. 
solanacearum, relative to control tobacco plants . 
Table 4-8. Two-way co1nparisons of P. solanacearum infectivity on tobacco (T2) 
Comparison 
Control vs TH: #1.3 
Control vs PI x TH 
TH: #1.3 vs PI x TH 
t-Test result (u = 39) 
2.07 
3.51 
1.18 
Significant at P < 0.05? 
YES 
YES 
NO 
The difference in percentage infectivity of control tobacco versus transgenic tobacco 
containing B-HTH was signilicant. Likewise, tobacco plants transfo1med ,vith both Na-
PI and ~-HTH were signilicantly more protected against P. solanacean,an infection than 
control plants transfo1med with only the selectable marker gene. Because the t-Test 
demonstrated that there was no signilicant difference bernreen the plants transformed with 
B-HTH and those transformed with Na-PI and B-HTH, this indicated that Na-PI did not 
confer additional resistance against P. solanaceannn. The results from the t-Test were 
consistent for both Experiment I and II. 
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Tobacco seedlings were under severe pathogenic pressure because the boxes had been 
sealed w-ithout w-atering, so after 14 days, most plants ( control and transgenics) shovved 
symptoms of P. solanacean1.1n infectivity. At this time, a disease index was used to 
classify seedlings according to the severity of the symptoms they exhibited. As a 
summary, the percentage of seedlings vvith severe symptoms ( dead or very vvilted) were 
plotted on a histogram alongside the percentage of seedlings vvith virtually no symptoms 
(Fig. 4-11 ). 
100 
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~ 0 ~ 50 
0 40 z 30 
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0 
Disease severity of tobacco infected 
with P. solanacearum 
C TH Pl x TH C TH Pl x TH 
Severe symptoms No symptoms 
Fig. 4-11 Disease seYerity of P. solanacearutn on tobacco seedlings. 
Tobacco were classified as having severe or no symptoms, 14 days after inoculation with P. 
solanacearum. Iviore control (C) tobacco seedlings had severe symptoms than transgenic tobacco 
containing j3-HTH (TH) or both j3-HTH and Na-PI (PI x TH) in combination. 
After 14 days, there vvere more control plants vvith severe symptoms compared to plants 
transfo1med with ~-HTH or transfo1med with both Na-PI and ~-HTH. ivloreover, there 
were over four-fold more transgenic plants with no disease symptoms, when compared to 
control plants. 
4.4 Discussion 
Results fi:om a series of expe1iments assessing tobacco transf 01med vvith Na-PI and ~-
HTH, or both genes in combination, for improved resistance to B. cinerea and P. 
solanacearu.111 have been presented. The major conclusions are summarised in Table 4-
9. 
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Table 4-9. Effects of Na-PI and P-HTH on B. cinerea and P. solanacearum 
Effect significantly 
Bioassay 
B. cinerea 
Leaf disk 
Whole plant 
(T1) 
Whole plant 
(T2) 
Pseudomonas 
solanacearum 
(seedlings) 
*n. t - not tested 
4.4.1 
different to controls? 
No. of I Na-PI P-HTH PI x TH 
Expts 
3 YES YES YES 
3 NO NO YES 
1 YES YES YES 
2 n.t* YES YES 
Comments 
• Both Na-PI and ~-HTH were 
effective in reducing lesion area. 
• Tobacco with two genes, were 
marginally more protected than 
those with a single gene 
• Lesions were significantly smaller 
only on tobacco with both genes. 
• ~-HTH appeared to contribute 
more to the protective effect. 
• Na-PI and ~-HTH were both 
effective in reducing lesion area. 
• ~-HTH was more effective m 
inhibiting fungal growth, although 
addition of Na-PI marginally 
increased resistance to B. cinerea. 
• Reduction in disease severity was 
attributed to the presence of ~-
HTH because Na-PI did not 
provide any additional protection. 
Inhibition of fungal growth by Na-PI 
Na-PI significantly reduced the growth of B. cinerea in both the leaf disk bioassay and 
the T2 whole plant bioassay (Table 4-9). One explanation as to why Na-PI was more 
effective in leaf disk bioassays, than in T 1 whole plant bioassays, is that wounding may 
have induced other plant defence molecules (Green and Ryan, 1972; Plunkett et al., 
1982) that provide an additive effect to Na-PI - a response not attainable for control 
plants. In intact T 1 plants, the wounding response would not have been so prevalent thus 
not triggering the production of endogenous Pis. An alternative explanation is that the 
level of Na-PI was higher in the leaves used in leaf disk bioassays, or that the leaves were 
slightly younger. For example, the position of leaves on the plant influences the level of 
Na-PI, yet as the level of Na-PI ·was not determined in every leaf, this also could have 
been a factor which contributed to the variation between the leaf disk and whole plant 
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bioassays, even though both experiments used T 1 populations. It is possible that leaves 
for disk assays came from three tobacco plants which were all homozygous. In 
homozygous plants, the level of Na-PI would be about 0.38%, which is higher than in 
heterozygous individuals (0.28%). Conversely, in T1 whole plant experiments, perhaps 
all or two thirds of the plants were heterozygous, and consequently the protective effect 
was proportional to the level of Na-PI. In a uniform population of T2 tobacco plants, 
derived from the homozygous line #24.2, the effect of Na-PI significantly inhibited the 
growth of B. cinerea. The outcome of the T 2 experiments is likely to be the most valid 
result, as the level of Na-PI in the three chosen plants was known. 
Although there has been much research aimed at exploiting Pis as potential fungicidal 
agents, little is known about the mechanism by which Pis retard fungal growth. One 
possibility is that Pis inhibit fungal proteases, which would otherwise be essential for 
growth (Ryan, 1990). For example, in colonising its host, B. cinerea produces a wide 
range of toxins, cell wall degrading enzymes, lipases and proteases (Coley-Smith et al., 
1980; Brown and Adikaram, 1983). The first evidence for a role of Pls in protection 
from fungal pathogens was the discovery that plant Pls form complexes with proteinases 
of microbial origin. For example, trypsin inhibitors from kidney bean seeds inhibit the 
extracellular serine-like protease secreted by Colletotrichum lindemuthianum (Mosolov 
et al., 1979). Another example is that the proteinases of Streptomyces griseus are 
inhibited by potato chymotrypsin inhibitor (Ryan, 1966). 
Moreover, in most cases studied to date, no plant proteinases are endogenous substrates 
for plant proteinase inhibitors (Ryan and Walker-Simmons, 1981). This is also true for 
the proteinase inhibitor from Nicotiana alata. These trypsin and chymotrypsin inhibitors 
are expressed to high levels in the stigma (Atkinson et al., 1993a), yet this organ does 
not contain either trypsin or chymotrypsin. Na-PI inhibits serine proteases from insect 
gut extracts (Heath, 1995; Heath et al., 1997), and has shown inhibitory activity in vitro 
towards micro-organisms (Dunse, 1992; M. Muskins, pers. comm.). Na-PI was strongly 
inhibitory to B. cinerea and Phytophthora nicotianae as measured by the zone of growth 
inhibition in agar plates. Similarly, soybean and potato trypsin inhibitors strongly 
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inhibited B. cinerea and P. nicotianae, as well as Chalara elegans (Dunse, 1992). In 
addition, Na-PI was able to inhibit the germination of B. cinerea in vitro, particularly in 
the first 25 hours of growth (M. Muskins, pers. comm). In light of the in vitro evidence 
described above, the demonstration that tobacco transformed with Na-PI inhibited the 
growth of B. cinerea in vivo, both extends and supports the findings of Dunse ( 1992) 
and M. Muskins. It appears therefore, that one biological role of Na-PI, in vivo, could 
be to contribute to protecting N. alata stigmas from colonisation by fungal pathogens. 
Although not tested here, there is scope for the use of Pis for the protection of plants 
against bacteria. As do fungi, bacteria secrete proteinases which are employed during 
microbial invasion of plants (Reddy et al., 1966; Porter, 1966), usually for the hydrolysis 
of proteins in and between cell walls (Grinzburg, 1961; Newcomb, 1963). For example, 
Erwinia species produce numerous pectic enzymes, proteinases and hydrolases in order 
to macerate host tissue, in advance of invasion (Moran et al., 1968; Mount et al., 1970). 
Moreover, bacterial proteases from Bacillus subtilis and Streptomyces griseus were 
inhibited by potato chymotrypsin inhibitor (Ryan, 1966). Interestingly, out of the Pis 
tested in the diffusion assay, only the soybean trypsin inhibitor conclusively inhibited P. 
solanacearum, but this bacterium was only weakly inhibited by Na-PI (Dunse, 1992). 
4.4.2 Antimicrobial activity of P-HTH 
Expression of the barley P-hordothionin conferred enhanced resistance to the fungal 
pathogen B. cinerea (in two out of three experiments) and to the bacterial pathogen P. 
solanacearum (Table 4-9). Overall, P-HTH appeared more effective in reducing B. 
cinerea lesion area, than Na-PI. Although there is no evidence presented here, it is 
possible that tobacco plants express P-HTH to higher levels in leaves than Na-PI. 
Alternatively, B. cinerea may be more sensitive to the toxic effect of thionins than 
proteinase inhibitory activity of Na-PI. Furthermore, the subcellular location of Na-PI 
and P-HTH would determine the extent of the interaction between these defence 
molecules and B. cinerea. For example, because Na-PI has a putative vacuolar targeting 
sequence (Nielsen et al., 1996), it is thought that Na-PI in leaves of transgenic plants 
would be targeted to the vacuole (M. Anderson, pers. comm.). Thus, the intracellular 
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location of Na-PI may mean that cell lysis must occur for the fungus to be exposed to its 
inhibitory effects. In transgenic plants P-HTH may also accumulate intracellularly, as in 
vivo it accumulates in the electron-dense spheroides in the periphery of the protein 
bodies (Carmona et al., 1993a). Perhaps if P-HTH was in a location that was more 
accessible to fungal contact, this could explain the apparent differences in effect of the 
two genes on B. cinerea. 
As for Pis (section 4.4.1) the hypothesis of a defence role for thionins was based on their 
antimicrobial activity towards plant pathogens in vitro (Bohlmann et al., 1988; Florack et 
al., 1993; Molina et al., 1993; Terras et al., 1993a) and their induction in response to 
biotic and abiotic stress (Bohlmann et al., 1988; Fisher et al., 1989). Increased 
resistance of tobacco against Pseudomonas syringae pv. tabaci has previously been 
achieved through the transgenic expression of a-hordothionin ( a-HTH) from barley 
endosperm (Carmona et al., 1993b). However, this antifungal effect may be strain 
specific, as transgenic tobacco containing a-HTH, produced by Florack et al., (1994) 
were no more tolerant to a different race of Pseudomonas syringae pv. tabaci. In this 
work, transgenic tobacco plants expressing P-HTH were significantly more tolerant to P. 
solanacearum, than control plants as measured by development of symptoms. 
Conversely, tobacco or tomato expressing high levels of a-HTH were not protected 
against a different strain of P. solanacearum ( cited in Florack and Stiekema, 1994) and 
again, this might be explained by differences in bacterial strains. Interestingly, the a-
HTH from the aforementioned transgenic tobacco were biologically active, as in vitro 
assays clearly demonstrated they inhibited the growth of Clavibacter michiganensis 
subspecies michiganensis (Florack et al., 1994). Another explanation for transgenic 
tobacco not being more resistant to bacterial infection, could be that a-HTH was 
localised intracellularly (Florack et al., 1994 ), while bacteria multiply extracellularly 
(Isaac, 1992). 
Several groups have expressed other plant proteins with antimicrobial activities m 
transgenic plants. For example, transgenic tobacco and canola expressing bean chitinase 
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had increased resistance to Rhizoctonia solani (Broglie et al., 1991 ). Likewise, tobacco 
transformed with barley ribosome inactivating protein were also more protected against 
R. solani (Logemann et al., 1992). Another group of antimicrobial peptides (AMPs), 
characterised by their abundance of cysteines, include plant defensins ( e.g Rs-AFP from 
radish; Broekaert et al., 1995), knottin-type peptides (e.g. Mj-AMP from Mirabilis 
jalapa; Cammue et al., 1992), hevein-type peptides (e.g. Ac-AMP from Amaranthus 
caudatus; Broekaert et al., 1992) and lipid transfer proteins (Terras et al., 1992b ). 
Recently, the transfer of Rs-AFP conferred additional protection to transgenic tobacco, 
from Altemaria longipes (Terras et al., 1995). There are also other cysteine-rich AMPs 
which may be useful as transferable resistance traits for genetic engineering of crop 
plants. For example, expression of Arabidopsis lipid transfer proteins in transgenic 
tobacco plants increases their tolerance to P. solanacearum (P. Hughes and J. Charity, 
pers. comm.). The constitutive expression of Mj-AMP or Ac-AMP in transgenic 
tobacco, however, did not result in increased protection against infection by B. cinerea 
or A. longipes (De Bolle et al., 1996), though extracts from these plants showed 
inhibitory activity, in vitro towards Fusarium culmorum, (cited in Cammue et al., 1994) 
and B. cinerea (De Bolle et al., 1996). 
Besides transferring genes which encode antimicrobial peptides, an alternative strategy is 
to engineer plants with an additional enzyme to increase phytoalexin production ( e.g. 
stilbene synthase). This approach has resulted in the production of transgenic tobacco 
with more resistance to infection by B. cinerea (Hain et al., 1993). Currently, new 
sources of defence genes are being sought and an increasing number of genes encoding 
antimicrobial peptides are being exploited from species, other than plants. For example, 
effective disease resistance has also been obtained in transgenic tobacco transformed 
with a tabtoxin, isolated from Pseudomonas syringae pv. tabaci (Anzai et al., 1989). 
Finally, there are several potent antibacterial proteins derived from insects (cecropins) 
which may find application in molecular breeding of plants for crop protection (Jaynes et 
al., 1987). 
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4.4.3 Protective effect of two defence genes 
One way to create transgenic crops with effective and durable resistance, is to engineer 
plants with more than one type of antimicrobial peptide. Theoretically at least, two or 
more genes in combination should lower the rate of emergence of resistant pathogens. 
Fungal and bacterial bioassays were used to assess the possible synergism of Na-PI and 
P-HTH, in combination. In general, the addition of Na-PI to plants already transformed 
with P-HTH slightly enhanced resistance to B. cinerea, but not to P. solanacearum. 
This meant that the effect of the two genes was marginally additive for the fungal 
pathogen, but not so for bacteria. By comparison, the transformation of other plants 
with more than one gene has often resulted in the synergistic enhancement of the effect 
of the genes. For example, when tomato was transformed with a tobacco class I 
chitinase and a class I P-1,3-glucanase, the genes acted synergistically to enhance 
resistance to the fungus Fusarium oxysporum f.sp. lycopersici race 1 (Jongedijk et al., 
1995). Similarly, when tobacco was transformed with three genes from barley; chitinase, 
P-1,3-glucanase and ribosome inactivating protein, the effect was to confer 
synergistically-enhanced tolerance to infection by Rhizoctonia solani (Jach et al., 1995). 
A study of the interaction between Pis and thionins in transgenic plants is novel, and to 
my knowledge, there is no other literature on the transformation of plants with this 
combination of defence genes. There is, however, some in vitro evidence that the 
antifungal activity of wheat thionins could be enhanced by barley trypsin inhibitors 
(Terras et al., 1993a). In these experiments, the in vitro antifungal activity of a-
purothionin was enhanced 3- to 20-times if barley '2S-like' trypsin inhibitor was added 
to the media, depending on the fungus tested. However, when other barley trypsin 
inhibitors (i.e.; not '2S-like') were used, synergy was not apparent. Interestingly, if a-
purothionin was substituted with barley a- or P-hordothionin, there was no synergy with 
barley trypsin inhibitors, when tested on Fusarium culmorum (Terras et al., 1993a). The 
latter is in agreement with the effect of Na-PI and P-HTH on B. cinerea shown in the 
experiments presented here. 
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Finally, B. cinerea challenged with a combination of Na-PI and ~-HTH exhibited minor 
morphological changes (Fig. 4-7E and F). More significant though was both the 
appearance and reduction in the size of the water-soaked zone on double transgenic 
leaves, compared to control leaves. One effect of Na-PI in transgenic plants could be to 
inhibit the trypsin- and chymotrypsin-like proteases of B. cinerea which it uses to 
macerate leaf tissue, in advance of hyphal penetration. Evidence for this is that the 
extent of maceration by B. cinerea was minimal in transgenic plants , compared to 
controls. ~-HTH may also have contributed to the decrease in the size of the water-
soaked zone, perhaps by causing cell membrane damage and intracellular leakage, as has 
been reported previously (Carrasco et al., 1981; Garcia-Olmedo et al. , 1993). 
There is increasing evidence that fungi experience morphological changes when 
challenged with physiological stress. For example, when the pistils of strawberries 
(which are a rich source of defence molecules), are inoculated with B. cinerea, the 
growth of fungal hyphae appears highly branched and stunted (Bristow et al., 1986). 
Conversely, in a study of the morphology of B. cine re a which had penetrated the stigmas 
of Nicotiana alata, the diameter of hyphae and branching pattern appeared normal 
(Dunse, 1992). Morphological analysis of fungi affected by cysteine-rich AMPs 
demonstrated some important differences between some of the AMP classes. Rs-AFP, 
for example, caused thickening of the hyphal branches and the appearance of swollen 
regions at the hyphal tips (Terras et al., 1993b), while the Mj-AMPs or the Ac-AMPs do 
not change the normal mycelial morphology (Cammue et al. , 1994 ). In comparison to 
Rs-AMP which altered hyphal morphology, one of the main effects of ~-HTH and Na-PI 
led to a higher concentration of fungal hyphae in a infected tissue. One explanation for 
an increase hyphal density is that invasion into surrounding tissue is impeded by Na-PI 
and ~-HTH. It would be interesting to further characterise the nature of the interaction 
between Na-PI and ~-HTH and fungal pathogens. 
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4.5 Chapter summary 
This chapter provided evidence that the proteinase inhibitor from Nicotiana alata and the 
~-hordothionin from barley endosperm should be considered among the suite of 
antimicrobial peptides available for genetic improvement of crop plants, because tobacco 
plants expressing these genes were more resistant to important phytopathogenic fungi 
and bacteria. 
Transgenic tobacco containing either Na-PI or ~-HTH were significantly more protected 
from the fungal pathogen, Botrytis cinerea, compared to control plants, as indicated by 
the size of necrotic lesions on leaves. Out of the two genes, ~-HTH appeared more 
effective in reducing fungal lesion size and it is possible that B. cinerea was more toxic 
to this protein. Moreover, transgenic tobacco containing both genes together, were 
significantly more tolerant to B. cinerea than untransformed tobacco. Although the 
effect of the two genes was additive, the contribution of each gene to the protective 
effect, however, was not equal. For example, ~-HTH provided a major increase m 
resistance, while the addition of Na-PI only marginally increased fungal tolerance. 
A second bioassay with the bacterial pathogen Pseudomonas solanacearum also 
provided evidence that ~-HTH can confer effective, protection to transgenic tobacco, 
relative to control plants. Transgenic tobacco plants were less susceptible to bacterial 
infection if they contained ~-HTH. Tobacco plants which contained both Na-PI and ~-
HTH were also more resistant to P. solanacearum, although in this case, the effect of the 
two genes was not additive. The severity of disease symptoms was reduced on 
transgenic plants, compared to untransformed controls. 
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Chapter 5: Concluding remarks 
?we 
There is an active debate about whether current use of pesticides and fungicides to 
control pests and diseases is neither adequate nor sustainable. Furthermore, there is 
concern, both in developed and developing countries about the effect of chemical 
pesticides on the environment as well as the development of resistance to the chemicals 
in pests and pathogens. Biotechnology, together with conventional breeding programs, 
could make a significant contribution to sustainable agriculture, by improving the 
tolerance of crop plants to insects and pathogens. However, the problem requires a 
research strategy which is multi-disciplinary in its approach. A successful outcome 
depends on the research efforts from plant breeders, pathologists, chemists, agronomists 
and farmers. 
Once the goal of producing disease-resistant and insect-tolerant plants has been set, there 
are a number of major and minor progressive milestones to be achieved, in order to attain 
that goal. The approach I have taken, is to explore the use of genetic engineering to 
transfer potentially useful defence genes into plants and assess those plants for improved 
resistance to important pests and pathogens. This chapter presents a summary of how 
each milestone was achieved, along with its significance and implications in terms of past 
and future research. 
5.1 Candidate defence genes 
The first requirement in producing genetically modified plants with inherent disease and 
pest resistance was the choice and availability of genes which encoded defence proteins. 
The precursor for a proteinase inhibitor from Nicotiana alata was unique, in that 
cleavage of the precursor yields one chymotrypsin inhibitor and four trypsin inhibitors, 
whereas the majority of other plant Pls have only one or two inhibitory domains. The 
gene for Na-PI was made available from the University of Melbourne. A second cDNA 
gene encoding a the precursor of ~-hordothionin from barley is also known to be a 
5-157 
Chapter 5: Concluding remarks 
potential defence gene. The active and mature ~-HTH is released by co- and post-
translational cleavage of signal and acidic peptides, respectively in the endosperm of 
barley. Thus, Na-PI and ~-HTH were ideal candidates for transferring into plants 
because of their potential as defence molecules. However, before this aim could be 
achieved, it was necessary to show that the precursors could be processed in transgenic 
plants. Furthermore, as there is increasing evidence that a single defence gene alone may 
not be adequate to confer durable resistance to plants, it was logical to combine Na-PI 
and ~-HTH, in order to investigate the possibility of pyramiding additive protection by 
two different mechanisms. 
5.2 Plant transformation 
5.2.1 Characterising transgenic plants 
Having chosen the defence genes, the second prerequisite in obtaining disease-free and 
insect resistant plants is to be able to transfer the chimeric genes to plant cells and to 
regenerate whole plants. Tobacco is often used as a model system, primarily to 
characterise gene expression. In this project transformation of tobacco was achieved 
with Na-PI and ~-HTH both separately and together. Western analysis of transgenic 
tobacco provided rapid confirmation that both defence molecules were cleaved. Later 
this observation was extended for Na-PI to include important crop and forage plants. 
The transfer of Na-PI into pea and subclover was considered important for the following 
reasons. Firstly, while these legumes had previously been engineered with genes for a 
bean a-amylase inhibitor or sunflower seed albumin (SSA), respectively (Khan et al. , 
1994; 1996; Schroeder et al., 1994 ), this study further confirms the amenability of these 
legumes to express genes and process the protein products from other unrelated plant 
families. Second, it is important to demonstrate the effectiveness of defence genes in 
crop and pasture species. In addition to the Pis that have been transferred into cotton 
(Thomas et al., 1995b) and rice (Duan et al., 1996; Xu et al., 1996), the transfer of Na-
PI into pea and subclover, has provided genetically engineered legumes that have 
potential for improving plant productivity and are of considerable agricultural importance 
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to Australia. Finally, as Na-PI has proven effective in tobacco and peas, the gene 
encoding Na-PI is being considered for use in several other agriculturally important 
plants, including sugar cane, white clover and apple. 
The finding that both the Na-PI and ~-HTH precursors had been cleaved to polypeptides 
of the predicted size, Mr ~6000 and Mr ~8500, respectively, was an important first step 
in order to maximise the biological activity of the proteins. 
5.2.2 Strategies to increase the level of Na-PI and ~-HTH in 
transgenic plants 
Transgenic tobacco accumulated Na-PI up to ~0.4% of total soluble leaf protein in T2 
plants and up to 0.5% in F3 plants, which contained both Na-PI and ~-HTH. In pea and 
subclover, the level of Na-PI was about 0.1 % of the soluble leaf protein, indicating a 
need to increase expression of Na-PI in these legume species. Similarly, although ~-
HTH was expressed and cleaved in the leaves of transgenic tobacco, the expression of~-
HTH needs to be optimised for maximum expression. 
In the transformation of tobacco, pea and subclover, the aim was to accumulate Na-PI 
and ~-HTH maximally in leaves. In retrospect, it appears that neither the ASSU nor the 
CaMV 35S promoters were the most suitable to achieve this. Alternatively its 
cellular location did not allow for maximum accumulation. Further work is needed to 
confirm that Na-PI in transgenic plants was located in the vacuoles and to identify the 
location of ~-HTH in transgenic plants. Assuming these molecules were targeted to the 
vacuole, a more favourable situation would be to express and retain Na-PI and ~-HTH 
elsewhere, preferably where they are more stable than the other leaf proteins. One 
possible way to increase the level of Na-PI and ~-HTH is to divert them away from the 
vacuole and retain them in the ER. This would require the addition of a C-terminal 
retention signal, such as the tetrapeptide, KDEL. This strategy has been successfully 
used to increase the level of this sunflower seed albumin in the leaves of transgenic alfalfa 
(Tabe et al., 1995) and subclover (Khan et al., 1996). However, the success of this 
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strategy would depend on the correct co- and post-translational cleavage of the Na-PI-
or ~-HTH-KDEL modified precursors, and would require specific endoproteinase 
activity in the ER. One major limitation is that very little is known about 
endoproteinases in the ER. 
Instead of replacing the promoter driving the gene of interest or modifying Na-PI or ~-
HTH with KDEL, a novel way to increase the level of Na-PI or ~-HTH in transgenic 
plants, would be to substitute the selectable marker with an alternative. For example, in 
preliminary work with Na-PI, the binary vector was modified by replacing bar with nptll, 
which was driven by a strong, constitutive promoter from subclover stunt virus (D. 
Llewellyn and J. Thistleton; pers. comm.). In tissue culture grown transgenic tobacco 
plants, Na-PI accumulated maximally to 5% of the soluble protein (J. Thistleton and J. 
Charity; unpublished data), compared to 1.2 % in tissue culture tobacco transformed 
using bar as the selectable marker. However, for plants grown in the glasshouse, Na-PI 
was not detected at all, even in the leaves of the same plants (J. Charity; unpublished 
data). It appeared, therefore, that the expression of Na-PI was switched off in 
glasshouse grown plants, for unknown reasons. This strategy, although successful in 
elevating temporal expression of Na-PI in tissue culture plants, would not provide 
durable or reliable tolerance to insects as the level of Na-PI in glasshouse grown plants 
was inadequate. 
5.3 Activity of Na-PI and ~-HTH as plant defence proteins 
The next step was to demonstrate that the transgenic plants contained antimicrobial or 
insecticidal activity that could be correlated with the activity of the transgenes. Strong 
evidence has been presented that Na-PI and ~-HTH were biologically active, in that 
transgenic plants were consistently shown to be more resistant to insects, fungi and 
bacteria. 
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5.3.1 Insect resistance 
Over half of the insecticides used worldwide are in the cotton and horticultural 
industries, for the control of Helicoverpa, Plutella and Spodoptera species (Boulter, 
1993). Both H. armigera and H. punctigera are serious pests of Australian crops , with 
cotton, grain legumes and tomatoes being the most susceptible (Fitt, 1989; 1991, Zalucki 
et al., 1991). Therefore, the finding that tobacco and pea transformed with Na-PI were 
more protected from these two major insect pests may very well find application in 
producing other resistant transgenic crops - in particular those most affected by 
Helicoverpa species. Moreover, Na-PI was shown to increase larval mortality in a dose-
dependent fashion, so it is likely that higher levels of Na-PI in transgenic plants could 
offer even greater protection from H. armigera and H. punctigera. 
Although thorough experiments demonstrated that detached leaves of transgenic tobacco 
and pea were more tolerant to insect feeding than untransformed control plants, further 
confirmatory testing is still required. For instance, it remains to be seen if whole plants 
containing Na-PI are also more pest-resistant. Furthermore, the experiments presented 
here and others (e.g. Broadway and Duffy, 1986a; Johnston et al., 1989) observed the 
effects of Pis on larval mortality and development only until larval pupation. Future 
insect bioassays should also examine other parameters such as pupal emergence, 
fecundity and viability of eggs. It would also be important to elucidate the mechanism by 
which Na-PI slows the growth of Helicoverpa species. This might be achieved by 
determining if Na-PI inhibits trypsin and/or chymotrypsin proteases, in the midgut of 
Helicoverpa species. Such information proved to be important in explaining why 
transgenic tobacco containing giant taro trypsin inhibitor (GTTI) only marginally affected 
growth of H. armigera. For example, GTTI was shown to decrease the amount of 
trypsin activity, but larvae were able to compensate for the loss of trypsin proteases by 
increasing the relative amounts of chymotrypsin and elastase (Y. Wu; pers. comm.). 
Resistance of transgenic plants containing Na-PI might potentially extend to include 
other insect or arthropod pests besides those tested in this study. For example, the gut 
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proteases of Agrotis infusa (common cutworm/Bogong moth; Lepidoptera) and 
Teleogryllus commodus (black field cricket; Orthoptera) were shown to be inhibited by 
Na-PI, in vitro (Heath, 1994), so these are possible test organisms. However, if research 
in this direction is pursued, it must be with the realisation that the effectiveness of Pis in 
transgenic plants is very much dependent on the sensitivity of gut proteases in the target 
organism. This means that while serine proteinases are effective inhibitors of 
Lepidopteran insects, they are unlikely to be effective against those pests containing 
cysteine or aspartate gut proteases. 
Bioassays aimed at testing transgenic subclover for increased resistance to redlegged 
earth mite and lucerne flea are still in progress (J. Ridsdill-Smith; G. McDonald pers. 
comm.). 
There is much speculation that exposure of insects to a single toxin could invoke 
resistance. For this reason, current and future research is aimed at determining if 
Helicoverpa species could be come resistant to Na-PI. And, if resistance develops, it 
would be important to investigate the mechanism for the evolution of resistance (M. 
Anderson; pers. comm.). H. punctigera could, for example, produce additional 
proteases to compensate for inhibition by Na-PI and if this was the case, those proteases 
would need to be identified. 
The evidence that insect resistance is delayed when an insect is exposed to two or more 
toxins simultaneously (Gould, 1994: 1996; Van Rie, 1991; McGaughey and Whalon, 
1992; Roush, 1994) has led to a search for genes which interact either additively, or 
preferably in a synergistic manner. I have shown here, for example, that Na-PI and ~-
HTH are generally additive in their protective effect, although out of the two molecules, 
Na-PI is clearly more insecticidal than ~-HTH. Another strategy to produce plants 
containing more than one defence molecule hinges on the multi-domain nature of Na-PI. 
One or more of the five inhibitory domains of Na-PI could be modified to enhance 
inhibition of a specific protease, that is, other than trypsin or chymotrypsin. Small 
modifications at the reactive site at the amino acid level could change the specificity of 
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the PI (Rolka et al., 1989; Rozycki et al. , 1994). For example, a trypsin inhibitor of Na-
PI was converted to an elastase inhibitor, simply by substituting arginine at the reactive 
site with valine (K. Adams; M. Anderson; pers. comm.). This raises the possibility that 
Na-PI could be modified so that upon cleavage of the precursor, five peptides each with 
a different specificity are released. 
5.3.2 Fungal resistance 
Experiments described in this thesis also demonstrated that Na-PI and ~-HTH have 
potential to increase resistance to Botrytis cinerea, both in detached leaves and in planta. 
It might be possible to transfer these genes, preferably in combination, into important 
horticultural crops that are susceptible to B. cinerea. As there are over 200 host species 
affected by B. cinerea (Jarvis, 1980), plants chosen for investigation would be restricted 
to those for which a transformation system exists. For this reason, strawberries, grapes 
and apples might benefit from the integration of Na-PI, as transformation systems are 
already available for all three species. Another way to test for biological activity of Na-
PI or ~-HTH in the leaves of transgenic plants would employ an in vitro bioassay where 
the effect of leaf extracts on growth of a test fungus ( e.g. B. cine re a) are observed. 
5.3.3 Bacterial resistance 
Experiments using a bioassay with P. solanacearum, although by no means extensive, 
showed that ~-HTH was responsible for increasing disease resistance in transgenic 
tobacco seedlings. This indicated that ~-HTH should be considered amongst the suite of 
defence genes available for transfer into crop plants to improve productivity . 
Interestingly, plants which contained ~-HTH in combination with Na-PI were not more 
protected from P. solanacearum which suggested that Na-PI was ineffective in inhibiting 
bacterial growth. This is in agreement with previous in vitro bioassays in which purified 
Na-PI only marginally inhibited the growth of P. solanacearum-(Dunse , 1992). 
5.4 Concluding remarks 
In conclusion, it appeared that Na-PI and ~-HTH acted differentially, depending upon 
the target organism. For example, although the effects of the two genes were additive in 
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providing protection from insect pests, Na-PI was clearly the most insecticidal of the two 
genes. Moreover, in their provision of increased tolerance to fungal pathogens, although 
in combination, these genes were additive, the major component of fungal resistance was 
attributed to the presence of ~-HTH. Conversely, in bacterial bioassays transgenic 
tobacco containing ~-HTH were more resistant to bacterial infection, but the addition of 
Na-PI did not offer further tolerance. The major findings in the insect, fungal and 
bacterial bioassays are summarised in Table 5-1. 
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Table 5-1. Differential inhibitory effects of Na-PI and P-HTH on insects, fungi and bacteria 
Organism Transgenic Plant Gene Result Reference 
( this thesis) 
H elicoverpa armigera Tobacco Na-PI • average of 2.3-fold increase in mortality Fig. 3-2 
• larvae significantly smaller in first 12 days 
• up 3 day developmental delay in larval development 
• decrease in pupation rate 
Peas • ~ 1.8-fold increase in mortality 
• about a 2 day developmental delay in larval development 
• small decrease in pupation rate 
Helicoverpa punctigera Tobacco Na-PI • ~3.3-fold increase in mortality Fig. 3-4 
• up to 7 day developmental delay in larval development 
Peas • Average of 2.6-fold increase in mortality 
• About 3 days developmental delay in larval development 
H. armigera Tobacco Na-PI • 1.8-fold increase in mortality Fig. 3-5 
• 2 day developmental delay 
~-HTH • 1.4-fold increase in mortality 
• larval peak weight was significantly reduced 
• 3.1-fold increase in mortality 
Na-PI and • 4 day delay in development 
~-HTH • larval peak weight was significantly reduced 
Red/egged earth mite Subclover Na-PI • possible interaction of Na-PI with juvenile RLEM not shown 
• investigation still in progress 
Botrytis cinerea Tobacco (T2 plants) Na-PI • Lesions ~ 16% smaller on transgenic leaves (significant) Fig. 4-8 
~-HTH • Very significant reduction in lesion area 
Na-PI and • Effect of two genes additive, ~-HTH contributes major 
~-HTH effect, while effect of Na-PI is minor 
Pseudomonas Tobacco ~-HTH • Seedlings significantly more protected from infection Fig. 4-10 
solanacearum 
Na-PI and • As above, but effect of two genes is not additive 
B-HTH 
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